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ABSTRACT

Author: Casperson, Brittany, A. Ph.D.
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Degree Received: December 2017
Title: Effects of Calcium Hydroxide Treated Corn Stover Inclusion as a Partial Forage
Replacement in Diets for Lactating Dairy Cows
Major Professor: Shawn S. Donkin
There is a large quantity of harvestable corn stover available in the United States.
Due to the high maturity at harvest and subsequent low digestibility, the use of corn
stover as a livestock feedstuff is limited. Several treatment and processing strategies have
been explored in order to increase yield of fermentable sugars and lessen the limitation of
corn stover as a feedstuff. Alkaline pretreatment has been applied to enhance the
digestibility of low quality feeds, improve the feeding value, and permit use in livestock
rations. The central hypothesis of this dissertation is that calcium hydroxide treatment
would improve the feeding value of corn stover and treated corn stover could replace a
portion of the traditional forages fed to lactating dairy cattle. There are four main
objectives addressed in this dissertation to test the central hypothesis. First, evaluate the
effects of pretreatment of corn stover with calcium hydroxide. Second, determine the
effects of replacing alfalfa haylage in the diet of dairy cows with calcium hydroxidetreated corn stover and the effect of further replacement of corn silage on dry matter
intake, milk production, and milk composition. Third, determine the effects of maximal
replacement of either alfalfa haylage or corn silage with treated corn stover on feed
intake, total tract digestibility, rumen fermentation parameters, rumen digestibility, and
milk production in order to assess the origins of increased feed efficiency of midlactation dairy cows fed alkaline treated corn stover, and lastly, to evaluate the effects of

xvii
feeding a fortified corn stover pellet, pelleted treated corn stover (PTCS), on dry matter
intake, milk production, milk composition, total tract digestibility, rumen fermentation
parameters, and rumen digestibility. Furthermore, the effect of physical form of the PTCS
ingredients were evaluated by comparing PTCS ingredients fed in pellet or non-pellet
form.
Calcium hydroxide treated corn stover was first evaluated in a lactation
performance trial where treated corn stover was fed in a TMR at 0% of the diet DM or
replaced either alfalfa haylage or alfalfa haylage and a portion of the corn silage at 15 or
30% of the diet DM, respectively. After 10 weeks of feeding, cows fed treated corn
stover to replace alfalfa haylage resulted in reduction (P < 0.05) of DMI. Subsequently,
milk production, milk composition, and energy corrected milk production were not
different (P > 0.05) between the treatments. However, energy corrected milk per unit of
DMI (kg/kg), a measure of feed efficiency, tended (P < 0.10) to be improved. Cows fed
treated corn stover had consistent DMI over the 10-week feeding period compared to
cows fed no treated corn stover which had slight increases in feed intake, over time.
Results indicate that corn stover, treated with calcium hydroxide, can serve as a partial
forage replacement for traditional forages in diets fed to mid-lactation dairy cows.
To determine the overall impact on feed efficiency with the inclusion of treated
corn stover, we evaluated inclusion of treated corn stover to maximally replace either
alfalfa haylage at 15% of the diet DM or corn silage at 19% of the diet DM. When treated
corn stover was included in the diet to replace either traditional forage, we saw a
reduction (P < 0.05) of DMI but no differences (P > 0.05) in milk production, confirming
the results of the previous study. Furthermore, percentage of milk fat was reduced (P <

xviii
0.05) with the inclusion of treated corn stover but there was no difference in yield of milk
fat (P > 0.05). Energy corrected milk production per unit of DMI (kg/kg) was greater for
cows fed diets containing treated corn stover. Inclusion of treated corn stover resulted in
decreased (P < 0.05) apparent total tract digestibility of DM, OM, and CP when replacing
corn silage. There was no difference (P > 0.05) in NDF digestibility, suggesting NDF
digestibility was successfully improved with calcium hydroxide pretreatment. There was
no difference (P > 0.05) on rumen pH or VFA concentrations. Improved feed efficiency
is supported by changes in diet digestibility and the potential for changes in post-ruminal
digestion.
Improvements in feed efficiency using treated corn stover are promising but
implementation of such feeding strategies may be limited to certain regions near site of
harvest as the bulk density of corn stover is low. Therefore, to overcome this limitation
for implementation into diets for lactating cows, we evaluated feeding treated corn stover
as part of a fortified pellet- pelleted treated corn stover (PTCS). The PTCS pellet was
included at 21 or 40% of the diet DM. The ingredients of PTCS were fed individually in a
third treatment to match the 40% PTCS and evaluate if physical form had an impact. Dry
matter intake was reduced (P < 0.05) with higher inclusion levels (40%) but physical
form had no impact on DMI. Milk production and 4% energy corrected milk did not
differ (P > 0.05) among the dietary treatments. Milk fat percentage was reduced (P <
0.05) with the inclusion of PTCS. Digestibility of DM and OM were reduced (P < 0.05)
with inclusion of treated corn stover. The inclusion of PTCS resulted in decreased (P <
0.05) acetate and increased (P < 0.05) propionate concentration, yielding a reduced (P <
0.05) acetate:propionate ratio. Rumen digestibility of diet ingredients were not different

xix
(P > 0.05) between dietary treatments. These data provide insight into inclusion of
pelleted and treated crop residues as a partial replacement of alfalfa haylage and corn
silage. Further, insight is also provided for level of inclusion of pelleted forage
replacements and suggests that up to 21% of the diet DM could be replaced with PTCS
without severe negative impact on milk or milk fat production.
Taken together, these data provide further understanding into the pretreatment of
low quality crop residues such as corn stover in providing a valuable feed resource for
lactating dairy cows. This research provides new insight on improved on-farm treatment
and processing of corn stover and potential benefits of improved feed efficiency that can
be realized with the inclusion of treated corn stover into diets for lactating dairy cows.
This dissertation illustrates the potential for treated corn stover as a feed resource
for lactating dairy cows. Data in this dissertation provides information on inclusion levels
as well as different traditional forage sources; alfalfa haylage or corn silage, that could be
fully or partially replaced with calcium hydroxide treated corn stover. Limitations around
the bulk density of corn stover still exist. Additional work is necessary that evaluates
market forces, feedstuff supply, and bulk density formulations in addition to numerous
other factors to ultimately determine the potential use and distribution of treated corn
stover as a livestock feed resource to continue providing dairy products to meet the needs
of a growing world population.
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CHAPTER 1.

LITERATURE REVIEW

1.1

Introduction

Corn stover has been broadly defined as the residue left behind after corn grain
harvest (Sheehan et al., 2013) including the stalks, leaves, tassel, husk, and cob (Barten,
2013). Interest in corn stover as feedstuffs for livestock has been long invested and
recently renewed within the past 10 years with the high corn grain prices. In this period,
land use has shifted towards corn production and away from forage production in support
of renewable fuel industry growth. Ethanol produced from corn, sugarcane, or
lignocellulosic biomass are all considered forms of biofuels production (Griffin et al.,
2016). In the Western Corn Belt alone it was estimated that over 500,000 ha were
converted to either corn or soybean production from 2006 to 2011 (Wright and
Wimberly, 2013). Furthermore, advancements in grain production have also yielded
greater production of corn stover. Consequently, the availability of corn stover has
increased. These circumstances have brought about renewed interest and technologies for
harvesting and processing corn stover mainly as a fuel resource that could also serve to
benefit animal agriculture and livestock feeding programs.
The ruminant animal and the bacteria that reside in the rumen have a unique,
symbiotic relationship that provides ruminants with the ability to capture energy from
fermented fibrous residues such as corn stover. Ruminant animals require fiber to
maintain a normal rumen fermentation pattern and capture energy for production. The
shift in land use towards corn and soybean production and consequently, potential
reduction of traditional forage production, may require a new outlook and approach to
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feeding cattle in the future. Additionally, the availability of forage may even be a
limitation for future growth in the beef and dairy sectors (Watson et al. 2015). These
potential limitations are heightened with the anticipated population growth to 9.7 billion
by 2050. Subsequently, consumer demands have increased and initiated the need for
more efficient livestock production. Thus, the dependency of ruminants on forage
resources will continue if the demand from consumers for ruminant source foods are to
be met. Corn stover should be considered as a fermentable energy forage source that
could help fill this potential forage gap and help meet the demands of animal source
foods. In addition, the use of corn stover may be part of alternative strategies that
maximizes food production per land unit or is used to meet feed inventory needs when
adverse climate or other challenges compromise crop yields (USDA, 2013). This review
will discuss the availability of crop residues, their limitations in fermentation, and
methods to overcome them to feed and fuel the world and will highlight the potential
value of corn stover in this regard.

1.2

Availability of Corn Stover

Improvements in corn grain production have also increased corn stover yields.
This can be explained using a term know as harvest index. Harvest index is the
proportion of plant material aboveground that is comprised of grain and this proportion is
expected to be greater with improved grain yields (Watson et al., 2015). The average
improvement of grain yield per harvested acre from 2006 to 2015 has improved on
average, just over 5 bushels, including the drought of 2012 (USDA-NASS, 2016). Simply
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put, advances in corn grain yield per unit of land area have been realized but they are also
accompanied a proportional increase in non-grain plant material.
Currently the production of 1 kg of corn grain yields 0.8 kg of residue. With a
harvest index of 0.55, recent estimates indicate 250 million tonnes of corn stover are
produced in the U.S. each year (Watson et al., 2015). As improvements in corn grain
hybrids continues, the yields of available corn stover will likely continue to increase.
Furthermore, the shift in land use towards corn production will continue to aid the overall
supply of corn stover. Because harvested acres of corn for grain has increased on average
5.07 m ha from 2006 to 2015 (USDA-NASS, 2016) there is a considerable quantity of
stover available. Thus, corn stover represents a readily available and abundant alternative
forage source that could be harvested and utilized in ruminant diets now and in the future.
1.2.1

Sustainable Corn Stover Removal

Corn stover must be harvested in sustainable fashion so as not impair soil or
future land productivity (Graham et al., 2007) through loss of soil organic matter or soil
organic carbon (Wilhelm et al., 2004). Beyond prevention of erosion, corn stover that
remains in the field also helps replenish soil organic carbon and decreases the moisture
evaporation rate (Wilhelm et al., 2004; Wilhelm et al., 2007). Field management,
including crop rotation, tillage, and fertilization, as well as climatic factors all contribute
to determining the amount of corn stover that can be sustainably removed (Wilhelm et al.,
2004).
Sustainable removal of corn stover provides an additional source of income for
growers that can be used for cellulosic ethanol production or animal agriculture for the
production of food but does not impact future crop production. Identifying the amount of
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corn stover that can be sustainably removed can be difficult to quantify and varies
between different growing regions and soil conditions. However, the increased yield of
corn stover coupled with genetically improved stronger stalks and reduced tillage
management has yielded a corn stover supply that often exceeds the requirements of the
soil. In some regions, removal of corn stover is necessary to allow proper thawing of soil
in the spring which can be slowed with excess corn stover. Removal also limits
interference with establishing the subsequent stand.
Taking these factors into account, data suggest that 30 to 60% of available corn
stover could be sustainably harvested for livestock feed, biofuels production, and other
uses while not causing detrimental effects on subsequent production (Johnson et al.,
2006; Wilhelm et al., 2007; Donkin et al., 2013).

1.3

Cellulosic Ethanol Production

The production of biofuels has been a topic of research for many years as the
industry attempts to meet the fuel demands of consumers. Alternative fuels have been an
important energy source in meeting the U.S. Government mandate of reaching 36 billion
gallons of renewable fuel in which 16 billion gallons should be derived cellulosic sources
by 2022 (Energy and Natural Resources Committee, 2007). These mandates have
refueled the interest in capturing the energy from biomass, especially the abundant source
of agricultural residues. However, the structural composition and physical and chemical
barriers of lignocellulosic biomass limit hydrolysis and release of fermentable sugars
unless pretreatment is applied. Pretreatment aims to disrupt the natural state of the
chemical and physical barriers to overcome the limitations they place on hydrolysis of
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cellulose. The potential chemical barriers are lignin, hemicellulose, and acetyl groups
while the physical barriers are a result of crystallinity, particle size, pore size (surface
area), and degree of polymerization (Kim 2013). Subsequently, pretreatment strategies
and technologies have been reevaluated to overcome these limitations and identify those
strategies that reduce cost and could allow for commercial applications (Mosier et al.,
2005; Yang and Wyman 2008; Alvira et al., 2010).
1.3.1

Overview of Lignocellulosic Ethanol Production

Lignocellulosic biomass is an abundant resource that has great potential for
biofuel production. Kim et al., (2016) categorizes lignocellulosic biomass into four
groups: 1) woody biomass, 2) agriculture residues such as straw from rice, wheat, or
barley production, corn stover, and sugarcane bagasse, 3) energy crops such as
switchgrass, miscanthus, hardwoods (short rotation for biofuel production), and 4)
cellulosic wastes including municipal solid waste, pulp and lumber mill wastes.
Lignocellulosic biomass is comprised of mainly the polymers- cellulose, hemicellulose,
and lignin. The carbohydrates of cellulose and hemicellulose can be converted to
monomeric sugars through saccharification upon disruption of the lignin barrier (Mosier
et al., 2005; Li et al., 2010; Kim and Kim, 2014).
Historically, numerous pretreatment strategies have been investigated to unlock
the potential of lignocellulosic ethanol production. These pretreatment processes have
been classified into biological, physical, chemical, physico-chemical, and thermal
approaches (Mosier et al., 2005; Yang and Wyman 2008; Alvira et al., 2010). Although
approaches for pretreatment differ, their goal is the same; break the lignin seal, reduce
crystallinity of the cellulose, and increase accessibility of cellulose and hemicellulose for
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subsequent hydrolysis and release of fermentable sugars (Mosier et al, 2005; Yang and
Wyman, 2008; Kumar et al., 2009). However, the mode of action for some pretreatment
strategies differs, some processes increase surface area of the lignocellulosic biomass,
some remove hemicellulose or lignin, while others alter the lignin structure which all
relate to the efficiency of release of sugars. Therefore, the degree to which these chemical
and physical factors are disrupted in residues contribute to the effectiveness of the
pretreatment for commercial production of ethanol from lignocellulosic biomass.

1.4
1.4.1

Treatment Technologies
Biological Treatments

Biological pretreatments are advantageous because there is low equipment and
instrument costs along with low energy requirements. Pretreatment with rot fungi is also
safe and environmentally friendly (Kumar et al., 2009). Brown-, white-, and soft-rot
fungi has been used to treat biomass residues and when applied, the fungi degrade lignin
and part of the hemicellulose but result in little cellulose degradation (Kumar et al., 2009;
Sánchez, 2009; Alvira et al., 2010). Microbial pretreatment increases accessibility of
cellulose for enzymatic hydrolysis and subsequent release of sugars but the rate of
hydrolysis is very low (Sun and Cheng 2002; Kumar et al., 2009). Advancements for the
use microbial pretreatment will require improvements that alter the rate of hydrolysis in
order to make this pretreatment strategy successful.
1.4.2 Physico-chemical Treatments
Steam explosion is a hydrothermal pretreatment technique that is widely used on
lignocellulosic biomass (Alvira et al., 2010) The biomass is exposed and saturated with
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steam under pressure then suddenly depressurized which causes the biomass structure to
be disrupted (McMillan, 1994). This is both a mechanical treatment by expanding the
lignocellulose matrix and chemical due to autohydrolysis of acetyl groups (McMillian,
1994). The steam explosion pretreatment modifies lignin and extensively degrades
hemicellulose, forming acetic acid (McMillan, 1994; Alvira et al., 2010). Chemical and
physical changes of steam explosion pretreated lignocellulosic biomass is a result of
hemicellulose degradation and increases the accessible surface area (Mosier et al., 2005).
Wash steps following pretreatment are required to remove degradation products that are
inhibitory to microbial growth (McMillan, 1994) and may remove soluble sugars such as
those resulting from hemicellulose hydrolysis (Kumar et al., 2009) and result in less
efficient yields of fermentable sugars. Otherwise, steam explosion is a relatively simple
pretreatment with acceptable hydrolysis yields.
1.4.3

Liquid Hot Water Treatment

Liquid hot water treatment is another hydrothermal pretreatment that has been
considered as an alternative to steam explosion but does not require depressurization.
Further, reactor costs and need for neutralization and conditioning chemicals are low with
water pretreatment (Mosier et al., 2005; Alvira et al., 2010). Nonetheless, hemicellulose
is solubilized in this process, making the cellulose more accessible for degradation
(Alvira et al., 2010). This process results in almost half of the biomass being dissolved
and although hemicellulose is nearly completely removed, monomeric sugars can be
recovered in the remaining liquid (Mok and Antal,1992). This process can be performed
with co-current, counter-current, or flow-through systems where water is heated to the
desired temperature (160 - 240°C) and held constant, moved in opposite directions, or
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passed over lignocellulose biomass, respectively (Mosier et al., 2005; Kumar et al., 2009;
Alvira et al., 2010). Liquid hot water pretreatment does not require further mechanical
breakdown as the lignocellulose particles are broken apart when treated (Kohlmann et al.,
1995). Therefore, liquid hot water pretreatment can successfully increase the accessible
surface area of the cellulose fibers with low construction costs as the process has low
corrosive potential. Limiting factors of successful and cost-effective pretreatment with
liquid hot water are high water and energy demands.
1.4.4 Dilute Acid Treatment
Release of fermentable sugars using concentrated sulfuric acid and hydrochloric
acids has also been successful (Hsu et al., 1980; Kumar et al., 2009). Although effective,
concentrated acids are hazardous in nature and highly corrosive (McMillan, 1994) and
likely results in high production costs. However, dilute acid has been added to cellulosic
material to hydrolyze hemicellulose with success (Mosier et al., 2005). Again, the goal of
this methods is to solubilize hemicellulose using low operational and maintenance costs.
Pretreatment with dilute acid results in partial removal of lignin and mainly solubilization
of hemicellulose (Wyman et al., 2005; Li et al., 2010). Although the surface area is
increased, the post processing enzymatic productivity and therefore ethanol yield may not
be as great as those with successful removal of lignin.
1.4.5

Ammonia Fiber Expansion

Ammonia fiber expansion (AFEX) treatment has been used for cellulosic ethanol
production and to improve digestibility of low quality forages (Bals et al., 2010). For the
AFEX treatment, liquid anhydrous ammonia, under pressure and at 60 – 100°C, is used to
treat lignocellulosic biomass. The AFEX pretreatment causes swelling and physical
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separation of the biomass fibers through reacting with lignin. The reaction results in
depolymerization of lignin and cleavage of the linkages between lignin and carbohydrates
(Mosier et al., 2005; Alvira et al., 2010) reducing lignin content, removing some
hemicellulose, and de-crystallizing cellulose (Kumar et al., 2009). The ammonia can be
recycled which can impact production cost (Sendich et al., 2008). A lower enzyme load
for enzymatic digestion is required for material treated with AFEX (Alvira et al., 2010).
Furthermore, AFEX pretreatment was found to be more successful with biomass residues
such as corn stover (Bals et al., 2010). Therefore, the use of AFEX improves the
digestibility of biomass and may be more efficient than other pretreatment methods.
1.4.6

Ammonia Recycle Percolation

Another pretreatment that uses ammonia for increased cellulose hydrolysis is
ammonia recycle percolation (ARP). The ARP process uses a 5 – 15% aqueous ammonia
solution that is heated (150 – 180°C) and flows through a flow-through column reactor
(Kim et al., 2003; Kim and Lee, 2005). The aqueous ammonia pretreatment results in up
to 85% of lignin being removed, 50 – 60% of the hemicellulose being solubilized while
retaining nearly all of the cellulose content (Kim and Lee, 2005). The crystalline structure
of cellulose is not altered with ARP treatment (Kim et al., 20003) but the treated biomass
has increased accessible surface area for future enzymatic digestion (Mosier et al., 2005).
Thus, through lignin removal, ARP treated biomass has improved digestibility for
enzymatic digestion.
1.4.7

Sodium Hydroxide Treatment

Sodium hydroxide pretreatment of lignocellulosic biomass has been researched
extensively as a method to delignify lignocellulosic biomass (MacDonald et al., 1983;
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Xiao et al., 2001; Sun and Cheng, 2002; Varga et al., 2002; Silverstein et al., 2007).
Sodium hydroxide attacks the lignin-carbohydrate linkage between lignin and
hemicellulose (Kim et al., 2016) causing swelling of the cellulose and improving the
accessibility of digestive enzymes (Xu et al., 2016). For bioethanol production, heat
liberated in the reaction may cause handling and safety concerns (Xu et al., 2016) and
recovery of sodium hydroxide can be expensive (Wyman et al., 2005). However, the
strong chemical base is an effective pretreatment for lignocellulosic biomass for ethanol
production.
1.4.8 Calcium Hydroxide Treatment
Calcium hydroxide, also referred to as lime, has also been extensively researched as
a pretreatment strategy for lignocellulosic biomass. The flexible pretreatment technology
can be performed under mild conditions with little pressure but also at high temperatures
with time of treatment differing (Mosier et al., 2005; Sierra et al., 2009) however lower
temperatures would help keep treatment costs down. The pretreatment process includes
making a lime slurry with water that is sprayed onto the lignocellulosic biomass and
stored in a pile for a period of time, hours to weeks at ambient temperatures, or a reduced
amount of time with temperatures elevated (Mosier et al., 2005). Digestibility of treated
biomass is improved primarily with the altered lignin structure and partial removal of
lignin (Chang and Holtzapple, 2000; Mosier et al., 2005). The removal of acetyl groups
with calcium hydroxide treatment has little effect on improved digestibility (Chang and
Holtzapple, 2000). The pretreatment effect of calcium hydroxide is slower than other
alkaline treatments but is simpler and a low-cost option making pretreatment with
calcium hydroxide an appealing pretreatment strategy (Kim, 2013). Furthermore, calcium
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hydroxide is safer than the use of other pretreatment technologies (Gandi et al., 1997)
while still effective in improving digestibility of biomass.

1.5

Summary of Lignocellulosic Ethanol Treatment Technologies

Although there are a of number pretreatment options for the conversion of
lignocellulosic biomass to ethanol. Those that are cost-effective include calcium
hydroxide, steam explosion, liquid hot water and flow-through liquid hot water, pH
controlled hot water, dilute acid, flow-through acid, AFEX, and ARP (Mosier et al.
2005). Additionally, these cost-effective treatments will likely be the pretreatment
technologies that will help us meet the government mandates of 36 billion gallons by
2022, since nearly half of the mandated gallons should be derived from lignocellulosic
biomass. Furthermore, those pretreatment technologies that are less corrosive, require
limited energy resources, and are safer to handle will likely result in improved
profitability and overall success of the cellulosic ethanol industry.

1.6

Opportunities for Animal Agriculture

There is significant overlap between efficient lignocellulosic ethanol production
and the ability of ruminant animals to capture energy from the same agricultural residues
such as wheat straw, barley straw, rice straw, or corn stover. Just as bioethanol research
and evaluation of lignocellulosic biomass as a source of renewable energy is evaluated
through successful release of fermentable sugars, animal scientists have evaluated
agriculture biomass residues as a source of fermentable sugars for use by the rumen
bacteria. The Beckmann method, an alkali treatment process to increase digestibility of

12
treated residues, has been known for nearly 100 y. The associated high treatment costs
and impractical development of large-scale processing of The Beckmann Method have
resulted in limited use and initiated numerous attempts to optimize the process. One
attempt proposed by Wilson and Pigden (1964) in which a solution of sodium hydroxide
was sprayed onto the chopped wheat straw and fed directly rather than being washed.
Consequently, digestibility of treated wheat straw was improved (Wilson and Pidgen,
196). This concept of improving digestibility of residues seems to be highlighted when
feed prices rise. Historically, high feeds prices seem to coincide with high competition
for feedstuffs such as corn or adverse weather conditions that limit yield and availability
of feedstuffs (USDA, 2013; Shi et al., 2015, Cook et al., 2016a). The same physical and
chemical limitation of the plant cell wall that must be overcome for ethanol production
exists for use in ruminant livestock production (Donkin et al., 2013). Similarly, these
limitations must be overcome in order to meet the human food demands of the growing
population. Thus, pretreatment strategies have significant overlap between the two fields
(Donkin et al., 2013). Furthermore, the goals are similar, a treated plant biomass with
greater surface area, permitting more access for enzymes or more free, fermentable
sugars (Mosier et al., 2005). Realizing the significant overlap allows incorporation of
advancements in pretreatment technologies for each field that will fuel each other in
identifying the most efficient process and strategy for capturing and utilizing energy from
lignocellulosic biomass crop residues such as corn stover. Thus, there is great need to
combine technologies together in a synergistic fashion to maximize the productivity of
the land to supply feed, food, and fuel for the growing population.
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1.7

Plant Physiology and Lignin Formation

The plant cell wall has three distinct regions; the primary wall, secondary wall,
and cell lumen. As plant cells mature they usually are enlarged 10- to 1000- fold in
volume through the development of vacuoles and expansion of the cell wall (Cosgrove,
1997). The enlarging primary cell wall contains about 30% cellulose, 30% hemicellulose,
and 35% pectin, with the remainder 1 to 5% left to structural proteins (Cosgrove, 1997)
and is thin and flexible, allowing for elongation. This stage is considered primary growth
and pectins, xylans, and cellulose are all deposited (Jung and Allen, 1995). Water is also
an important component of the cell and when not sufficient, growth and yields can be
limited (Deetz et al., 1996). Cellulose microfibrils are wrapped with hemicellulose and
provide structural support (Cosgrove, 1997). The adjacent cells are separated by the
middle lamella layer which is rich in pectin (Jung and Allen, 1995).
Once elongation is finished, the secondary plant cell wall begins to thicken towards
the center of the plant (Jung and Allen, 1995). Lignin is deposited in addition to cellulose
and xylans deposition however more lignin is deposited in the primary wall region and
working towards the center of the plant (Jung and Allen, 1995; Cosgrove, 1997). The
pattern of lignin deposition aids in creating the lignin barrier commonly present in mature
crop residues. This prevents successful degradation and lowers digestibility. Thus, as
plants mature the less digestible they become.
1.7.1

Carbohydrate Constituents of the Cell Wall

It has been suggested that “cellulose has a gross energy content equal to that of
starch that is only limited by the close physical and chemical associations between
structural carbohydrates and lignin in crystalline arrangement of the cellulose polymer”
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(Kerley et al., 1985). Cellulose, the most abundant carbohydrate on earth, represents a
majority of the plant cell wall and can be found in both the primary and secondary cell
walls. Cellulose is a linear polysaccharide polymer with multiple beta-acetal linkages of
glucose monosaccharide units. Cellulose is found in tight, crystalline microfibrils of long,
unbranched 1  4-linked β-D-glucans. Glucans align in a parallel fashion forming the
crystalline structure which aids in strength, structure, and resistance to enzymatic attack
of the cellulose microfibril (Cosgrove, 1997; Cosgrove, 2005). Evidence supports this
notion that the more crystalline the cellulose is the less accessible and therefore
degradable the cellulose will be by microorganisms (Siu, 1951). Therefore, as a plant
matures polymerization is increased to provide greater strength but decreases
digestibility.
Although hemicellulose also has 1  4-linked β-D-glucans, hemicellulose is
branched and linked by hydrogen bonds to cellulose microfibrils (Lodish et al., 2000).
Hemicellulose is made of a heterogeneous group of linked polysaccharides that coat the
cellulose microfibrils (Cosgrove, 1997). Xylolglucan and arabinoxylan are the most
abundant hemicelluloses with xylose and arabinose branches, respectively, although their
specific structure varies between species (Cosgrove, 2005). The main role of
hemicellulose is to tether cellulose microfibrils together and aid in strengthening the cell
wall (Scheller and Ulvskov, 2010).
Pectin is commonly referred to as the cement in cell walls in the middle lamella
layer as well as the primary cell wall layers. Pectins, like hemicellulose, are also a
heterogeneous group of polysaccharides and make up a significant portion of the wall
matrix (Cosgrove, 1997). Consisting of essentially α 1-4 linkages of galacturonic acid
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with arabinan side chains and are nearly completely available (Van Soest, 1994).
Furthermore, pectin can influence the porosity properties of the cell wall (Willats et al.,
2001) and may influence the success of microbial attachment and subsequent
degradation.
1.7.2 Characteristics of Lignin
Generally speaking, lignification occurs during secondary cell wall development,
signifying plant maturity. Lignification begins in the middle lamella and primary cell
wall region and proceeds to continue depositing lignin inward. This pattern results in
greater lignification of the middle lamella and primary wall region compared to the
secondary wall region (Jung and Allen, 1995). Lignin content is an important factor as
lignin impacts the fermentability and decomposition of cellulose. As lignin is removed
more cellulose can be fermented (Waksman and Cordon, 1938).
Forage lignin can be described by core and noncore lignin (Jung and Deetz,
1993). Core lignins are covalently linked with hemicelluloses in compressed polymetric
matrices. Kerley et al., (1988) suggests core lignin limits polysaccharide digestion due to
the physical protection of cell wall carbohydrates in addition to the hydrophobic
properties. Noncore lignin was defined as low molecular weight monomers. The major
phenols are p-coumaric and ferulic acid. Core lignins are covalently linked to
hemicellulose with p-coumaric acid typically associated with core lignin and ferulic acid
with the hemicellulose fraction (Jung, 1989). These phenolics are readily soluble in alkali
(Van Soest, 1994). The degree of removal or disruption of the lignin barrier contributes to
the success of the pretreatment process for biomass and subsequent saccharification.
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1.8

Limitations to Cell Wall Digestibility

The polysaccharides of the plant cell wall belong to two classes based on biological
associations and nutrient availability: (1) polysaccharides that are not covalently bonded
to lignin and are more soluble and completely fermentable (2) polysaccharides that are
covalently bonded to core lignin and are incompletely or partially fermented (Van Soest,
1982). Microbial degradation of the cell wall occurs by movement of microorganisms
between adjacent cells. Lignified primary cell walls act as a barrier between adjacent
cells (Engels and Jung, 2005). In addition to lignin structure, cell wall crosslinking may
impact cell wall digestibility (Jung and Deetz, 1993). However, pretreatment with sodium
hydroxide increases the rate of degradation as a result of the cellulose fibers swelling
(Siu, 1951). Therefore, pretreatment strategies that can disrupt the lignin barrier should
allow greater microbial degradation of the plant cell wall and polysaccharides.

1.9

Corn Stover use for Ruminants

Although abundant, the use of corn stover in lactating dairy cow diets is limited
because of the inherently low nutritional value that untreated corn stover provides.
Lactating dairy cows require a diet with sufficient nutrients to support the nutritional
demands of lactation. Additionally, forages are necessary as they provide fermentable
fiber. Forage fiber also plays an important role in rumen health and, therefore, animal
productivity through optimizing rumen function. A major function of fiber is to stimulate
rumination and ensalivation and the formation of a rumen mat that can prevent rapid
passage of particles and nutrients (Van Soest et al., 1991). This is measured as effective
NDF which includes cellulose, hemicellulose, and lignin as major components. The
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vegetative tissue contains up to 80% of their OM in the cell wall of the plant which also
provides structural integrity for the growing plant (Jung and Allen, 1995). Therefore,
there is a substantial amount of potential fermentable energy contained in the cell wall of
corn stover. Pretreatment strategies that allow improvements of digestibility of this
portion can play a significant role in providing nutrients to permit use in diets for
lactating dairy cows that will not result in reduced animal productivity or efficiency.
1.9.1 Obligation of Pretreatment
Pretreatment of corn stover for cellulosic ethanol production has been explored
previously in attempts to increase and hopefully maximize the accessibility of
carbohydrates for degradation (Hsu et al., 1980; Chang and Holtzapple, 2000; Mosier et
al., 2005). As highlighted above, this first step in processing corn stover breaks down the
plant structure so contained carbohydrates can be enzymatically hydrolyzed into glucose
through the action of cellulases, hemicellulases, or yeast for efficient production of
ethanol (Mosier et al., 2005). Likewise, bacteria residing in the rumen and the associated
cellulases and hemicellulases, can access and ferment the plant biomass carbohydrates
more successfully following pretreatment and subsequent alteration of plant structure.
This pretreatment step is essential in improving the digestibility of crop residues for use
in livestock diets and even more so in diets fed to lactating dairy cows.
Typically speaking, lignin content is greater in mature forage sources like crop
residues when compared to their less-mature counterparts. Lignin is generally considered
as the primary factor that limits digestibility as lignification can bind potentially
digestible carbohydrates (Van Soest, 1994). The lignin is crosslinked with cellulose and
hemicellulose, i.e. digestible carbohydrates. The disruption of these crosslinks and
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subsequent release and enzymatic saccharification of cellulose and hemicellulose will
yield greater release of glucose, xylose, and arabinose (Donkin et al., 2013). At grain
harvest the corn plant has matured and subsequently, corn stover has a relatively high
lignin content and therefore has a low digestibility unless disruption of the lignin
crosslinking is successful.
1.9.2

Successful Pretreatment Strategies

Successful alternative feed resources such as cop residues should be affordable
and economically feasible to at least maintain a similar state of production such as growth
or lactation. The abundance of crop residues and their potential access in some areas
makes the use of crop residues a logical alternative. However, extensive lignification has
already occurred as crop residues are relatively mature at harvest and have low
digestibility. Therefore, in order to maintain production, digestibility must be improved
with pretreatment application. Pretreatment strategies for ruminant livestock tend to
occur more locally (i.e. closer to the fields and livestock facilities) rather than centralized
facilities found in production of cellulosic ethanol (Donkin et al., 2013). Mosier et al.
(2005) summarized effects of various cost-effective pretreatment strategies on chemical
composition and chemical and physical structure of lignocellulosic biomass including
steam explosion, liquid hot water, dilute acid, alkali, and ammonia pretreatments for
cellulosic ethanol production. However, these strategies are geared towards central
processing and all may not be practical or as cost-effective for on farm treatments.
Both dilute acid and calcium hydroxide have been proven compatible for
pretreatment of biomass for biofuels use and ruminant livestock production (Digman et
al., 2010; Donkin et al., 2013). Similar to conversion of biomass to ethanol, both alkali
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and ammonia pretreatment strategies have also been used in animal agriculture to treat
crop residues and replace a portion of the ration (Klopfenstein and Owen, 1981; Brown et
al., 1990; Cook et al., 2016). Thus, there is significant overlap between cellulosic ethanol
production and animal agriculture. Benefits can be realized as both fields understand this
overlap and work together to overcome the limitations around successful release of
fermentable carbohydrates.
Most commonly, digestibility of corn stover and low-quality feeds for ruminant
livestock has been enhanced through the use of alkaline hydrolysis treatments such as
NaOH, NH3, Ca(OH)2, KOH, or CaO (Klopfenstein and Owen 1981; Watson et al.,
2015). Likewise, digestibility of medium quality forages can be improved with alkaline
treatment (Canale et al., 1988). Therefore, regardless of forage quality, the alkaline
treatment alters the structure of the plant fiber through disruption of the lignin barrier and
allows for partial solubilization of hemicellulose, and increased accessibility of digestive
enzymes like cellulase and hemicellulose resulting in increased yield of fermentable
sugars for rumen fermentation (Klopfenstein, 1978). Thus, the feeding value of treated
forages or crop residues can be improved with alkaline treatment and therefore more
suitable for inclusion in dairy cattle diets. Furthermore, alkaline treatment can also
supplement the animal diet with Na, Ca, and K.

1.10 Method of Treatment Application
In the past, treatment application methods have evolved for treatment of low
quality forages. Rexen and Thomsen (1976) addressed the concerns of residual sodium
hydroxide (NaOH) and loss of solubilized material that occurs in the original wet
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Beckmann method to develop a new dry treatment method. The dry treatment process
involves spraying the chemical (NaOH) solution on the forage that is fed as-is (i.e. no
washing beforehand) after pelleting. Advantages of the dry method are ease of storage
and transportation that can be consumed in greater quantities as bulk density is improved.
However, cost of collection, transportation, and treatment may exceed the justification of
improvements in nutritive value.
Wilson and Pidgen (1964) introduced a simpler and cheaper method of spraying
NaOH directly onto the chopped straw. This method would require little water and would
still improve digestibility in vitro in a short amount of time but the lack of moisture may
cause palatability issues. This method was modified and taken a step further to address
the concerns of previous work. The result is another method that can occur on-farm
process and is likely more economically feasible compared to the previous dry
application method. Briefly, the process involves collection of the residues in the field,
grinding, and mixing of the residue, chemical, and water to raise moisture to 65% in a
mixer wagon. The treated material is then packed and stored similar to silage
(Klopfenstein and Koers, 1973; Klopfenstein, 1978). This method or slight modifications
of this method have been used in multiple research experiments to evaluate the
effectiveness of this treatment on various crop residues or forages with different applied
chemical, microbial, or enzymatic treatments (Rathee, 1974; Wanapat et al., 1985;
Cameron et al., 1990; Canale et al., 1990; Jami et al., 2014; Nuñez et al., 2014; Shi et al.,
2015; Cook et al., 2016).
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1.11 Chemical Treatments of Crop Residues
1.11.1 Hydrolytic Treatments-Mode of Action
Many of the hydrolytic treatments involve use of alkaline compounds (Fahey et
al., 1993). The mode of action that is generally accepted for alkaline treatment of
roughages is partial solubilization of hemicellulose with little change on lignin content.
Consequently, the rate and extent of cellulose and hemicellulose digestion is increased
(Klopfenstein et al., 1972; Rexen and Thomsen, 1976). However, others have concluded
lignin is dissolved with alkaline treatment (Jackson, 1977). Alkaline pretreatment likely
disrupts the lignin-hemicellulose matrix resulting in reduction of the lignin barrier
protection and can allow greater access of plant cell wall to microbial enzymes (Fahey et
al., 1993). Therefore, the improvements in digestion of cellulose and hemicellulose is
likely a result of disruption of the lignin cellulose or hemicellulose bonds (Klopfenstein,
1978). Fahey et al., (1993) explains the solubilization of phenolic material,
hemicelluloses, and acetyl groups are a result of saponification of ester bonds. In
summary, alkaline treatment results in hydrolysis of linkages in lignin and glycosidic
bonds of polysaccharides, disrupted lignin-hemicellulose matrix structure, reduced
crystallinity of cellulose and swelling of digestible fibers, and saponification of acetic and
uronic ester bonds to increase degradation.
1.11.2 Sodium Hydroxide Treatment
Treated crop residues have been evaluated as a replacement for grain and forage
to provide an alternative energy source for ruminants. In vitro studies showed promising
improvements in digestibility of straw treated with NaOH as percent of digestible feed
doubled (Jackson, 1977). Furthermore, many feeding studies have evaluated NaOH
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treatment of low quality roughages for over the past 100 years and have confirmed
improvements in digestibility although the improvements may not be as great. More
commonly, treated crop residues are replacing grain in beef cattle diets and forages in
lactating dairy cow diet. However, inclusion of treated crop residues has certainly not
been limited to this simplistic approach. Fahey et al., (1993) reviewed and summarized
24 published studies and discovered dry matter intake (DMI) to be improved by 22% as a
result of NaOH treatment. Further, an improvement in DM digestibility of 30% was
reported from a review of 32 published studies (Fahey et al., 1993). The application of
4% NaOH of alfalfa stems and corn cobs improved DM digestibility on average 7.7%
(Klopfenstein et al., 1972). Additionally, the use of 3 and 5% NaOH applied to corn
stover improved digestibility of corn stover, did not alter lignin content, but did indicate a
disruption of the plant cell wall. Further, when corn stover was treated with 5% NaOH
and fed as a partial alfalfa replacement, diet digestibility was also improved and indicates
there may be an additive effect of including treated forages as digestibility of alfalfa and
5% NaOH corn stover was greater than digestibility of alfalfa alone (Klopfenstein et al.,
1972). The discrepancies between in vitro and actual production digestibility results may
be an effect of rumen passage time because of increased intake or the increased passage
rate. When wheat straw treated with 2.5 or 5% NaOH was fed to dairy heifers,
digestibility was improved but there was no difference in solid passage rate (Haddad et
al., 1995).
Sodium hydroxide treated corn straw has recently been evaluated in diets for
lactating cows in mid-lactation. Corn straw treated with 5% NaOH replaced 15% of the
wheat hay in the diet (Jami et al., 2014). Cows fed the 5% NaOH treated corn straw had
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lower DMI than cows fed wheat hay in the control diet. Milk production however was not
different, while milk fat percent and 4% ECM yield were improved (Jami et al., 2014).
Although the majority of treated crop residues have been evaluated in beef feeding
systems where nutrient demands for daily production are lower compared to the higher
nutrient demands of lactation, the research of Jami et al. (2014) supports use of NaOH
alkali treatment to improve diet digestibility for mid lactation dairy cows fed lower
quality feedstuffs.
The use of NaOH combined with other alkali treatments, such as calcium
hydroxide and calcium oxide have also been evaluated to examine if digestibility of
treated forages can be improved. This may be advantageous as the use of sodium
hydroxide has been limited due to safety concerns (Watson et al., 2015). Although less
NaOH is used there is still a concern as workers still have to handle the material albeit a
smaller amount. Often, calcium hydroxide (Ca(OH)2) was used as a partial substitution
for NaOH to eliminate negative effects of excess Na on the animal and land (Rounds et
al., 1976). Various combinations of NaOH and Ca(OH)2 have been evaluated and it
appeared that in vitro DM disappearance increased linearly as NaOH concentrations
increased and Ca(OH)2 concentrations decreased. However, when 1 or 2% Ca(OH)2
treated corn cobs were evaluated in combination of 3 or 2% NaOH treatment in sheep
feeding trials, DMI, ADG, and F:G (feed to gain ratio) tended to be improved (DMI) or
not different when compared to 4% NaOH treatment alone (Rounds et al., 1976). Even a
partial replacement of NaOH treated cobs with Ca(OH)2 improved performance and
efficiency, which may be linked to the reduced Na load on the animal (Rounds et al.,
1976). Digestibility of treated wheat straw with 2.5% NaOH and 2.5% Ca(OH)2 was
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improved and similar to up to 5% NaOH treated wheat straw and greater than 5%
Ca(OH)2 treated wheat straw (Haddad et al., 1995). Although improvements of
digestibility and performance were not as great with Ca(OH)2 alone as with NaOH, there
are many benefits of treatment with Ca(OH)2 such as reduced Na load on the animal.
Others found 2% sodium hydroxide and 2% calcium oxide increased feed intake by 53%
and improved dry matter digestibility by 12% (Oji et al., 1977). Haddad et al., (1998) fed
3% NaOH and 3% Ca(OH)2 treated wheat straw at 20, 30, or 40% of the diet DM for
lactating dairy cows mostly replacing alfalfa haylage. The results demonstrate that DMI
was reduced with greater than 30% inclusion but milk yield was only reduced with 40%
inclusion. Further, milk fat composition and 4% ECM was not different among the
dietary treatments. Taken together, these results indicate a significant improvement in
efficiency of feed converted to milk at higher inclusion rates (30 and 40% of the diet
DM) when Ca(OH)2 was used to treat half of the wheat straw used in place of NaOH.
Although NaOH has probably been the most researched alkali treatment the concerns
regarding worker safety and excess Na has led researchers to evaluate other alkali
treatments that are safer, but still effective. One potential treatment is Ca(OH)2 which is
less caustic and less expensive while subsequently providing a source of Ca for the
animal (Rounds et al., 1976; Gandi et al., 1997).
1.11.3 Calcium Hydroxide Treatment
Calcium hydroxide (Ca(OH)2) and calcium oxide (CaO) are both considered lime
and when used loosely can create confusion in the literature. When CaO reacts with water
to create Ca(OH)2 (Miller, 1960), the reaction is exothermic and hygroscopic. Therefore,
contact with skin or moist membranes such as nasal passages or airways could result in
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severe chemical burns. Furthermore, the reverse reaction, Ca(OH)2  CaO, is difficult
without extreme heat at 580° C (CDC website). Both CaO and Ca(OH)2 are available in
dry form for use in treating crop residues as discussed here. Historically, the use of
Ca(OH)2 as the primary hydrolytic agent has been disfavored (Fahey et al., 1993).
Klopfenstein (1978) summarized results of Waller (1976) who found that 4% Ca(OH)2
treated corn cobs allowed for partial solubilization of the hemicellulose, but not the
cellulose fraction. Simultaneously, cellulose in vitro digestibility was improved when
compared to untreated corn cobs. Although effective, Ca(OH)2 was considered inferior to
NaOH as digestibility of 4% NaOH treated corn cobs was 80%. It is important to note
however that these results are in vitro dry matter digestibility. In vitro methods have
consistently yielded higher values for NaOH treated feedstuffs compared to in vivo
methods (Fahey et al., 1993; Jami et al., 2014). It is possible that such results may have
influenced the conclusion that Ca(OH)2 treatment was inferior to treatment with NaOH.
Furthermore, studies evaluating Ca(OH)2 alone have yielded promising results. Research
in lambs demonstrated similar DM intake and F:G results between 4% Ca(OH)2 and 4%
NaOH treated soybean straw (Ikem and Felix, 1992). In another study, the inclusion of
Ca(OH)2 treated corn stover improved the utilization of the corn stover and allowed for
greater intakes. Although the OM digestibility was not increased when compared to the
control (untreated corn stover) the passage rate was markedly increased compared to the
control and other alkali treatments (Oliveros et al., 1993). Klopfenstein and Owens
(1981) summarized the results of Asadpour (1978) of a lamb digestion trial and two lamb
growth trials. When comparing 4 or 5% Ca(OH)2 treated wheat straw against untreated
wheat straw, DM digestibility was improved, DM intake was increased, and G:F was
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greater. Calcium hydroxide at 5% indicated slight improvements over 4% Ca(OH)2. In
summary, treatment with Ca(OH)2 eliminates the concern of excess Na load on the
animal that may result in Na build-up in soil. Furthermore, Ca(OH)2 is less expensive and
supplies Ca to the diet, a macromineral that is often supplemented from other sources in
diets for dairy cattle.
1.11.4 Calcium Oxide Treatment
The application of CaO on crop residues has also been evaluated. In beef cattle,
CaO was used to treat corn cobs, wheat straw, and corn stover and were evaluated as a
partial corn grain replacement in a finishing trial. When replacing 10% of the dry-rolled
corn and 10% untreated residues ADG and G:F was not different between the CaO
treated dietary treatments of corn cobs, wheat straw, and corn stover and the control.
However, CaO treatment of wheat straw and corn stover improved ADG and G:F (Shreck
et al., 2015), suggesting CaO is an effective pretreatment method to improve the feeding
value of crop residues like wheat straw and corn stover. In another study by the same
researchers (Shreck et al., 2015), treated or untreated corn cobs, wheat straw, and corn
stover replaced 15% of the dried rolled corn and 10% of the untreated crop residues for a
25% inclusion level. There were no differences in DMI but DM and OM digestibility was
improved with treatment of wheat straw and corn stover (Shreck et al., 2015). This work
indicates that CaO is a valid treatment method to increase the digestibility of treated
residues and allows similar nutrient supply with less corn grain while not negatively
impacting production performance. Feeding strategies such as these allow for efficient
production and improved profitability when corn grain prices are high.
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Calcium oxide treated residues has also been evaluated for use in lactating dairy
cow diets. Corn stover was treated with 5% CaO and used to partially replace wild rye
(Elymus), corn silage, or corn grain. Dry matter intake and 4% FCM were not impacted
by inclusion of CaO treated corn stover, but there were no improvements in feed
efficiency. Furthermore, there was a reduction of milk fat percentage when CaO treated
corn stover partially replaced corn silage (Shi et al., 2015). Calcium oxide treated corn
stover was also examined as a partial replacement of corn grain in diets fed to midlactation dairy cows (Cook et al., 2016a). Up to 35% of the ground corn grain was
replaced with CaO treated corn stover. Inclusion level of CaO treated corn stover was
4.4, 8.6, and 13% of the diet DM, and there were linear decreases in DMI, milk
production, and milk NEL. These results equated to no advantages in feed efficiency.
Although DM and OM digestibility were decreased with CaO treated corn stover
inclusion it was expected as corn grain is more digestible. However, the lack of
differences in NDF digestibility indicates that the digestibility of CaO treated corn stover
in the diet is not different than the alfalfa haylage and corn silage that was fed in the
control diet (Cook et al., 2016a) Taken together, these results provide further evidence for
successful pretreatment with CaO treated residues in diets fed to lactating dairy cattle.
An added benefit of using CaO or Ca(OH)2 is the ability these alkalizing agents
have on rumen pH. Low ruminal pH can inhibit cellulose digestion but alkalizing agents
increase rumen pH, impacting digestion of cellulose. Mould and Ørskov, (1983)
demonstrated cellulose degradation was partially inhibited or completely inhibited with
ruminal pH below 6.2 or < 6.0. Subsequently, growth of cellulolytic bacteria is limited by
low ruminal pH (Russell and Wilson, 1996). Feeding of CaO treated corn stover allowed
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for higher ruminal pH and less time spent under pH of 5.8 (Cook et al., 2016a). When
dried distillers grains were included at 60% of the steers diet the inclusion of CaO at 1.6 –
2.4% delayed the decline in ruminal pH postfeeding (Nuñez et al., 2014). Additionally,
CaO has been helped maintain a ruminal pH above 6.2 for the majority of the day and
limit the shift or ruminal pH post-feeding (Nuñez et al., 2014). Calcium hydroxide was
also successful in maintaining a higher ruminal pH in lambs (Ikem and Felix, 1992) or
cows (Dias et al., 2012). Therefore, benefits of CaO and Ca(OH)2 can be realized beyond
improved digestibility of treated residues.
1.11.5 Ammoniation Treatment
Ammoniation of crop residues and forages has also been used as a hydrolytic
agent. Anhydrous NH3, NH4OH, thermoammoniation, and urea as a NH3 source have
been used. Although similar mode of action as NaOH, NH3 generally does not increase
digestibility of roughages as much (Berger et al., 1994). Ammonium hydroxide also has a
dual purpose, providing nitrogen and improving roughage quality. Anhydrous ammonia,
a gas, is used to treat the mature crop residues typically in bale form. The stack of crop
residue bales is covered and saturated with anhydrous ammonia for about 3 weeks
(Brown et al., 1990). Average improvements in DM digestibility range from 5 – 10
percentage units (Jackson, 1977) or 15% increase (Berger et al., 1994). A review of 21
studies indicates NH3 treatment of crop residues allowed improvements in intake of 22%
(Fahey et al., 1993). Ammoniated wheat straw did not increase DMI but improved ADG
of growing beef heifers (Naseeven and Kincaid, 1991). Additional work evaluated treated
wheat straw as a forage replacement for alfalfa hay. The inclusion of ammoniated wheat
straw did not impact DMI or milk yield (Brown et al., 1990). Klopfenstein and Owens
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(1981) who summarized the results of Asadpour (1978) of a lamb digestion trial and two
lamb growth trials also evaluated ammonium hydroxide as a pretreatment for straw.
Lambs fed straw treated with ammonia or a combination of ammonia and Ca(OH)2
treated straw showed improved digestibility over the control and over Ca(OH)2 alone.
Furthermore, lambs gained weight faster when fed straw treated with ammonia
(Klopfenstein and Owen, 1981). Drawbacks of using anhydrous ammonia are potential
palatability issues (Waller, 1976 as cited by Klopfenstein and Owen, 1981) and the
requirement of pressurized containers on farm. However, the use of ammonia can also be
advantageous as there is not an excess mineral load on the animal or soil and provides a
source of nitrogen.
Ammonia fiber expansion (AFEX) treatment has also been used improving
digestibility of low quality forages (Bals et al., 2010). This process treats crop residues
with NH3 under moderate pressure (200-400 psi) and temperature (80-150°C) for 5- 30
minutes. Once the pressure is released, severe physical and chemical alterations have
occurred that improve the digestibility of the treated residue. The AFEX treatment also
depolymerizes cellulose and allows for partial solubilization of hemicellulose similar to
other alkaline pretreatments. In vitro research demonstrates that 48 hr NDF digestion was
improved for many crop residues including corn stover, rice straw, forage sorghum, and
sugarcane bagasse (Bals et al., 2010). Although AFEX has primarily been investigated
for cellulosic ethanol production there is significant overlap and benefits that could be
realized in animal agriculture. Ultimately, AFEX is another method that allows for
greater microbial attachment and, therefore, greater digestibility. For benefits to be
realized in animal agriculture the AFEX method may need modified and evaluated to be
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successful on a farm setting. The only experimentation on the animal production side has
been with the artificial rumen simulation technique with rumen fluid inoculum from
heifers with slow vs. fast rate of fiber digestion (Griffith et al., 2016). The results indicate
that AFEX treatment improves disappearance of dry matter, organic matter, and NDF and
resulted in greater concentrations of VFA. There is need to evaluate AFEX pretreatment
technique for use in production agriculture through incorporation into ruminant diets. As
strategies to incorporate this pretreatment technique on-farm become available and are
practical for producers, there is potential for AFEX to be considered as a pretreatment
strategy for crop residues.
1.11.6 Oxidizing Treatments
Oxidizing agents including H2O2, O3, and Na2O2 are among the most caustic
pretreatment options. Oxidative treatments may degrade lignin contained in the cell wall
(Chang and Allen 1971; cited by Fahey et al., 1993), hence the desire to use oxidizing
agents as a pretreatment option. Klopfenstein et al., (1972) evaluated NaOH and 4:0 and
4:3 (Na2O2: H2O2, DM%) as a treatment for corn cobs fed to wethers. The results
demonstrate DM digestibility and lignin content were improved with both NaOH and
combinations of Na2O2: H2O2 when compared to untreated corn cobs but were not
different between the hydrolytic and oxidative treatment agents. The higher cost of
peroxides, at least at the time supported the use of hydroxides.
1.11.7 Alkaline-hydrogen Peroxide Treatment
Alkaline hydrogen peroxide (AHP) is a fiber pretreatment process with two modes
of action. The first is a direct attack against the lignin core by H2O2 (oxidative) followed
with disruption of lignin-hemicellulose matrix and partial solubilization of hemicellulose.
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Alkaline hydrogen peroxide treatment of wheat straw, corn cobs, and corn stalks
increased the rate and extent of dry matter disappearance. When fed to growing lambs,
DMI and digestibility of NDF, ADF, and cellulose were all increased. Further, the diets
with AHP treated residues had an improved energy content (Kerley et al., 1985). In
another study, wheat straw was treated with AHP and replaced a portion of the alfalfa
haylage in diets fed to dairy heifers. However, diet digestibility was not improved
although in vitro suggests positive improvements in digestibility. Regardless, results from
this study indicate a combination of treated forages (AHP treated wheat straw) and
traditional forages (alfalfa haylage) may provide an environment more suitable for fiber
digestion as rates of disappearance were greater than when the forages were fed alone
(Atwell et al., 1991).
As AHP proved to be a promising treatment for crop residues, the use of AHP
treated wheat straw was evaluated in early (Cameron et al., 1990) and mid-lactation
(Cameron et al., 1991) dairy cow diets. Alkaline hydrogen peroxide treated wheat straw
partially replaced alfalfa haylage and corn silage in diets fed to cows averaging 34 d
postpartum. Production results indicate inclusion of AHP treated wheat straw did not
alter DMI, milk yield, milk components, or 4% FCM. Further, NDF digestibility tended
to be increased with AHP treated wheat straw (Cameron et al., 1990). However, when
cows in mid-lactation were fed AHP treated wheat straw at 60% of the diet DM dry
matter intake, milk yield, milk components, and 4% FCM were reduced although NDF
digestibility was increased. Dry matter intake and production responses were more
similar to the control (Cameron et al., 1991). Thus, there may be limits on inclusion level
of AHP treated residues especially for cows in mid-lactation. Nonetheless, AHP is
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successful in improving fiber digestibility of low quality residues to allow inclusion in
lactating dairy cow diets.

1.12 Physical Treatments
There have been a number of physical-processing techniques evaluated to enhance
the utilization of crop residues in ruminant diets. The most common physical
pretreatment techniques include grinding and pelleting, steam treatment, irradiation, and
mechanical separation of plant parts (Fahey et al., 1993). Mechanical separation allows
separation of plant materials of varying quality into different fractions. At this time, the
most recent work that has been done fractionated corn silage to separate the grain crop,
toplage (the top of the plant and the ear in the first pass), and stalks (Cook et al., 2016b).
This technique allowed for separation of parts of the corn silage that are of different
quality and treatment of only the stalks that could be combined with toplage later rather
than treating the entire product. This section will focus on the physical treatment of
grinding and pelleting, and their effects on forage and roughage utilization.
1.12.1 Grinding and Pelleting
Bulk density of forage can be improved with grinding. Subsequently, surface area
is increased while particle size is reduced (Laredo and Minson, 1975). Typically, ground
forages are pelleted which can improve their handling and improve bulk density further.
Furthermore, grinding and pelleting of forage and crop residues allows for improvements
in feed intake, gain, and feed efficiency (Fahey et al., 1993). Minson (1963) suggested
that improvements in intake and liveweight gain are greater with poorer quality forage
when ground and pelleted. However, grinding wheat straw and then feeding to steers was
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not as successful in providing nutrients as ground and sodium hydroxide treated wheat
straw (Lesoing et al., 1980). For lactating cows, low quality, chopped crop residues could
provide improved ration fiber to maintain rumen fermentation and when treated, a greater
amount of fermentable energy. Thus, the combination of physical and chemical
pretreatment is commonly used. Many research experiments (Klopfenstein, 1978;
Cameron et al. 1990; Ikem and Felix, 1992; Jami et al., 2014; Shreck et al., 2015; Shi et
al., 2015; Cook et al., 2016a) have utilized both physical and chemical techniques
together but the physical treatment of grinding versus chopping in relation to particle
size, has perhaps, not been emphasized in comparison to the chemical treatment.
Despite a growing desire to utilize crop residues as a feedstuff, the low bulk density
and associated transportation costs may limit wide acceptance and usage. Pelleting can
improve the bulk density of crop residues and improve ease of transportation. There was
improvements in G:F when calcium oxide treated corn stover was pelleted that was 5%
greater than unpelleted treated corn stover (Peterson, 2014). Pelleting of the corn stover
may reduce dustiness and increased acceptance of the diet (Fahey et al., 1993). Pelleted
forages generally decrease diet digestibility. Shaver et al., (1986) found pelleting to
reduce digestibility, milk fat, and the acetate:propioinate ratio. Alterations of physical
characteristics of fiber can impact ruminal fermentation and milk fat synthesis (Mertens,
1997). Reduced digestibility may be explained by increased passage rate. The reduction
of milk fat is likely a result of reduced effective fiber and possible alterations in ruminal
biohydrogenation.
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1.13 Chemical Treatment of Traditional Forages
The use of chemical treatments is not limited to low quality crop residues but
degree of improvement is typically better with lower quality residues. Treatment of
whole plant corn silage with 4% NaOH improved in vitro DMD by nearly 10% but no
differences were found in DMD when fed to sheep (Klopfenstein et al., 1972). The
treatment of orchardgrass hay and alfalfa with NaOH resulted in increased amount of
potentially digestible fiber. Furthermore, this improvement was likely the result of altered
composition as NDF, ADF, and hemicellulose content of orchardgrass was decreased
while alfalfa had increased NDF and hemicellulose content (Canale et al., 1990). More
recently research has evaluated 5% calcium hydroxide treatment of whole plant corn
silage and fractionated corn silage which consisted of 82% toplage that was untreated and
18% stalklage treated with 5% Ca(OH)2 against conventional corn silage and brown
midrib corn silage in diets for dairy cows in mid-lactation (Cook et al., 2016b). With
treatment of whole plant corn silage, DMI and milk production were improved and both
were numerically increased with the inclusion of partially treated fractionated corn silage.
Organic matter digestibility, NDF digestibility, and starch digestibility were also greater
with inclusion of whole plant treated corn silage (Cook et al., 2016b). Although treatment
of whole plant corn silage and fractionated corn silage was effective in increasing intake
and milk production, the harvesting method for fractionated corn silage required multiple
passes over the field and may increase soil compaction issues.
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1.14 Treated Residues as a Partial Forage Replacement
Initially, crop residues were treated and evaluated against their treated counterparts
(Klopfenstein et al., 1972; Klopfenstein, 1978; Kerley et al., 1987; Haddad et al., 1995).
This laid the foundational knowledge of the benefits of pretreating forages for diet
inclusion. However, as we progress, we must adapt and identify feeding strategies that
can maximize use of land and feed resources. Thus, research has also evaluated treated
forages as a replacement for traditional dietary ingredients such as alfalfa haylage, corn
silage, or corn grain (Cameron et al., 1990; Cameron et al., 1991; Shi et al., 2015; Cook
et al., 2016a). However, if forages have a high cell wall content and high fiber mass,
intake may be inhibited (Van Soest, 1964), therefore production may be decreased. The
great abundance of corn stover makes the use of corn stover a logical step as a feeding
strategy that could allow for at least partial replacement of other traditional forages.
Furthermore, when used in combination with a successful pretreatment strategy, the
inclusion of corn stover may not result in reduced production.

1.15 Opportunities for Treated Crop Residues in Lactating Dairy Cow Diets
On a gross energy basis, forages and grains contain almost equal amounts of energy
but the value of forages is much more variable (Jung, 1989). The literature clearly
indicates benefits of treating crop residues with various chemical and physical treatments
that tap into this ample energy supply. Consequently, treatment with NaOH likely results
in excess Na load on the animal and environment. Furthermore, there are safety concerns
with the use of NaOH and CaO. To be successful in an on-farm setting the treatment
application needs to safe and straightforward. Owen et al., (1984) suggest the ideal
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chemical would: (1) allow increase in intake or digestibility, (2) benefits that outweigh
the cost of treatment, (3) have non-toxic effects on the animal or environment, (4)
provide essential nutrients to the animal, and (5) not be hazardous to handlers. Calcium
hydroxide has been shown to be an effective treatment to improve the digestibility of
crop residues. Simultaneously, Ca(OH)2 is considered safe to handle and provides Ca to
the animal, an important macromineral for lactating animals. However, the literature is
limited in inclusion of Ca(OH)2 treated corn stover for lactating dairy cows as a partial
forage replacement.

1.16 Conclusions
Determination of required residues to meet recycling requirements of the soil
should be done so, carefully. With this in mind, crop residues that are considered in
excess can be harvested and used as major contributors towards the feeds needed in the
production of animal proteins. Crop residues should be considered “as valuable resources
that provide irreplaceable environmental services and assure the perpetuation of
productive agroecosystems and sustainable food production” (Smil, 1999). Although this
thought was considered at least 20 years ago it is still relevant in a world facing fewer
land resources, increased demand of available resources, and rapid population growth.
The utilization of abundant crop residues like corn stover offer a solution in providing
high-quality animal protein for the growing population. Ruminants occupy a unique niche
in the food chain as the rumen bacteria are able to ferment and convert cellulose and
hemicellulose into an energy source that can be used by ruminants for production of
human food; either meat or milk. The use of chemical treatments that overcome the
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digestibility limitations of crop residues for use in high producing ruminants will help in
maximizing land use and provide an efficient model for the production of animal sourced
protein. For lactating dairy cow diets, there is a lack of information pertaining to the
optimal inclusion level of Ca(OH)2 treated corn stover and the subsequent consequences
of inclusion on production. Furthermore, information is also limited in substituting
treated corn stover for traditional forages for lactating dairy cows. Therefore, to provide
understanding of how to optimize the use of treated corn stover for use in lactating dairy
cows diets the following research objectives were developed.
1.16.1 Objectives of Research
1) Evaluate the effects of calcium hydroxide pretreatment of corn stover.
2) Evaluate the effects of replacement of alfalfa haylage and further replacement
of corn silage with treated corn stover at different inclusion rates on intake,
lactation performance, and feed efficiency.
3) Evaluate maximal replacement of either alfalfa haylage or corn silage with
treated corn stover while still meeting nutritional requirements to assess the
origins of increased feed efficiency through feed intake, total tract
digestibility, rumen fermentation parameters, rumen digestibility, and milk
production.
4) Evaluate the effects of replacing a portion of the alfalfa haylage and corn
silage with treated corn stover in pelleted form, to promote widespread use, on
dry matter intake, milk production, milk composition, total tract digestibility,
rumen fermentation parameters, and rumen digestibility.
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CHAPTER 2.
INCLUSION OF CALCIUM HYDROXIDE
TREATED CORN STOVER AS A PARTIAL FORAGE
REPLACEMENT IN DIETS FOR LACTATING DAIRY COWS

2.1

Abstract

Chemical treatment may improve the nutritional value of corn crop residues,
commonly referred to as corn stover, and the potential use of this feed resource for
ruminants including lactating dairy cows. The objective of this study was to determine the
effect of prestorage chopping, hydration, and treatment of corn stover with Ca(OH)2 on the
feeding value for milk production, milk composition, and dry matter intake (DMI).
Multiparous mid-lactation Holstein cows (n = 30) were stratified by parity and milk
production and randomly assigned to one of three diets. Corn stover was chopped, hydrated,
and treated with 6% Ca(OH)2 (as fed basis) and stored in horizontal silo bags. Cows
received a control (CON) total mixed ration (TMR) or a TMR where a mixture of treated
corn stover and distillers grains replaced either alfalfa haylage (HYLGsub) or replaced
alfalfa haylage and an additional portion of corn silage (HYLG+CSsub). Treated corn
stover was fed in a TMR at 0, 15, and 30% of the diet DM for the CON, HYLGsub, or
HYLG+CSsub diets, respectively. Cows were individually fed in tie stalls for 10 weeks.
Milk production was not altered by treatment. Compared with the CON diet, DMI was
reduced when the HYLGsub diet was fed and tended to be reduced when cows were fed
the HYLG+CSsub diet (25.9, 22.7 and 23.1 ± 0.88 kg/d for CON, HYLGsub, and
HYLG+CSsub diets, respectively). Energy-corrected milk production per unit DMI (kg/kg)
tended to increase with treated corn stover feeding. Milk composition, energy corrected
milk production, and energy corrected milk per unit of DMI (kg/kg) were not different
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among treatments for the 10-week feeding period. Cows fed the HYLGsub and
HYLG+CSsub diets had consistent DMI over the 10-week treatment period whereas DMI
for cows fed the CON increased slightly over time. Milk production was not affected by
the duration of feeding. These data indicate that corn stover processing, prestorage
hydration, and treatment with calcium hydroxide can serve as an alternative to traditional
haycrop and corn silage in diets fed to mid-lactation dairy cows.

Keywords: corn stover, alternative forage, milk fat

2.2

Introduction

There are approximately 196 million tonnes of corn stover produced annually in
the United States with sustainable removal estimated to be 58.3 million dry tonnes
(Graham et al., 2007). Quantities of harvestable corn stover are determined by land use
for corn grain production, corn grain yield, soil tillage practices, soil erosion risks, and a
number of other agronomic and economic factors (Watson et al., 2015). Recent data
suggest that 30 to 60% of available corn stover could be removed annually for feed,
biofuels production, and other uses without detrimental effects on land use or future crop
yield (Wilhelm et al., 2007; Johnson et al., 2006; Donkin et al., 2013).
The use of corn stover as livestock feed has been limited due to inherently low
digestibility. Diversion of corn stover into cellulosic biofuels production has resulted in
innovation and improvements in corn stover harvesting and processing (Chang and
Holtzapple, 2000; Donkin et al., 2013). Several biofuels related technologies are
adaptable and consistent with improving the digestibility of corn stover for use in
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ruminant diets. Furthermore, the potential use of crop residues, including corn stover,
may provide strategies to maximize food production per land unit or serve as an
alternative strategy to meet feed inventory needs when crop yields are compromised due
to adverse climate or other challenges (USDA, 2013).
Treatment and processing of corn stover to optimize cellulosic ethanol production
(Hsu et al., 1980; Chang and Holtzapple, 2000) are consistent with increasing the
fermentable energy of plant biomass from low quality feedstuffs for use by rumen
bacteria. Alkaline hydrolysis using either NaOH, NH3, Ca(OH)2, KOH, or CaO has been
used to enhance the digestibility of corn stover and low quality feeds (Klopfenstein and
Owen, 1981; Watson et al., 2015). These biomass treatments alter the structure of plant
fiber and consequently increase the yield of fermentable sugars for cellulosic ethanol
production or rumen fermentation (Klopfenstein, 1978; Mosier et al. 2005). Calcium
hydroxide appears to be a preferred treatment because it is less caustic and more
economical than either sodium hydroxide or potassium hydroxide (Gandi et al., 1997).
Chemical treatment of low quality forages have yielded mixed results in feeding
studies with dairy cows. Alkaline hydrogen peroxide-treated wheat straw can replace
20% of the alfalfa haylage and corn silage in diets for lactating cows without negatively
affecting milk production, composition, or feed intake but greater inclusion of either 40
or 60% of the diet DM, decreased milk production (Cameron et al., 1991). The
combination of calcium oxide treated corn stover and dried distillers grains can replace
wild rye, corn silage, or corn grain to a level of 15% of diet DM without affecting DMI,
milk production, or 4% FCM yield (Shi et al., 2015). However, replacing grain in the diet
with alkali-treated corn stover at 13% of the diet DM reduced DMI and milk production
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(Cook et al., 2016a). Furthermore, feeding value of traditional forages may be improved
with alkali treatment (Cook et al., 2016b). Alkali treatment may potentiate the value of
corn stover as an alternative feedstuff but additional efforts are necessary to determine
the level of inclusion and the portion of the diet that can be replaced without negative
effects of DMI and lactation performance of dairy cows.
We hypothesized that calcium hydroxide-treated corn stover could replace a
portion of traditional forages in diets fed to lactating dairy cattle. The objective of the
current study was to determine the effect of replacing alfalfa haylage in the diet of dairy
cows with calcium hydroxide-treated corn stover and the effect of further replacement of
corn silage on dry matter intake, milk production, and milk composition. We chose these
forages as they are commonly used in diets fed to dairy cattle in the Midwest region of
the United States.

2.3
2.3.1

Materials and Methods

Treatment of Corn Stover with Ca(OH)2

Corn stover was harvested in large round bales and processed through a
Haybuster, Big Bite 1130 tub grinder (DuraTech Industries International, Inc.,
Jamestown, ND) using an 11.4 – 19.1 cm rectangular screen to create a 10.2 – 15.2 cm
theoretical chop length. Chopped corn stover was rehydrated with a slurry of Ca(OH)2 in
water. The Ca(OH)2 slurry was uniformly sprayed onto the chopped corn stover as it was
conveyed from the chopper to achieve 6% Ca(OH)2 on an as fed basis and a final
moisture content of 50%. The chopped, hydrated, and calcium hydroxide treated corn
stover was immediately packed into an Ag-Bag horizontal plastic silo (St. Nazianz, WI)
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and stored anaerobically for a minimum of 2 weeks before feeding. Samples of the
untreated corn stover were collected at the time of processing and samples of treated corn
stover were collected at feeding. Samples of untreated and treated corn stover were
analyzed using wet chemistry methods by DairyOne Forage Lab (Ithaca, NY). Samples
were analyzed for DM, OM (method 942.05; AOAC International, 2012) and ether
extract (method 2003.05; AOAC International, 2012). Nitrogen was measured by rapid
combustion using a Macro Elemental nitrogen analyzer (AOAC International, 2000). To
calculate CP, the nitrogen value was multiplied by 6.25. ADF was determined as per
AOAC method 973.18 (AOAC International, 2000), lignin by the method of Goering and
Van Soest (1970) and NDF using α-amylase and sodium sulfite (Van Soest et al., 1991).
Starch was determined according to Bach Knudsen (1997; Biochemistry Analyzer; YSI
Inc., Yellow Springs, OH). Minerals (Ca, P, Mg, K, Na, Fe, Zn, Cu, Mn, Mo and S) were
analyzed using an inductively coupled plasma radical spectrometer (ICAP, Thermo
Scientific, Waltham, MA). Predicted NEL was calculated as previously described (Weiss,
1993) and NFC was determined by difference (NRC 2001).
2.3.2 Animals and Handling
All procedures for animal care and use were approved by the Purdue University
Animal Care and Use Committee.
Mid-lactation multiparous Holstein cows (n =30) were stratified by milk
production and parity and randomly assigned to one of three diets. Cows were 123 ± 18
(mean ± SD) DIM, weighed 627 ± 61 kg, were producing 37.0 ± 8.6 kg/d of milk, and
had a BCS of 2.91 ± 0.26 at the initiation of the experiment. All cows were housed in
individual tie stalls at the Purdue University Dairy Research and Education Center, had
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free access to water, and were fed a TMR to meet or exceed NRC requirements (NRC,
2001) for cows described above and producing milk containing 3.8 % fat and 3.0 % true
protein. Feed was delivered once daily at 0800 to achieve approximately 10% daily feed
refusals. Dry matter intake was monitored on a common pre-experimental diet and was
23.4 ± 1.82 kg/d (mean ± SEM); there were no differences in pre-experimental DMI or
milk production among cows based on their assigned experimental diets. Following 7
days of acclimation to the facilities cows received either a control TMR (CON) or a TMR
where Ca(OH)2 treated corn stover completely replaced alfalfa haylage and was included
at 15% of the diet DM (HYLGsub), or a TMR where Ca(OH)2 treated corn stover was
included at 30% of the diet DM and completely replaced alfalfa haylage and a portion of
corn silage (HYLG+CSsub). Wet distillers grain was primarily added with Ca(OH)2
treated corn stover in both the HYLGsub and HYLG+CSsub diets in order to match the
protein and energy content of the diets. Additional adjustments made using soybean meal,
Enertia, and corn grain. Diets were formulated to be isonitrogenous and isoenergetic, to
support 32.5 kg/d based on NEL and 38.0 kg milk/d based on MP with a predicted intake
of 23 kg/d. Calcium content of the diets were adjusted to similar levels primarily by the
addition of calcium carbonate to the control and HYLGsub diets (Table 2.1). Cows
remained on their assigned diets for 70 d.
Diets were mixed fresh daily as a total mixed ration. Feed intake was determined
daily by difference of feed offered and refused assuming equal DM content for feed
offered and feed refused. Dietary ingredients were collected weekly, dried in a
convection oven (Fisher Scientific, Hampton, NH) at 60°C for 72 h, and used for weekly
adjustments to diets on an as fed basis. Treated corn stover samples collected during the
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experiment and untreated corn stover collected prior to treatment were ground in a Wiley
Mill (Thomas Scientific, Swedesboro, NJ) to pass through a 2-mm screen, subsampled,
and sent to DairyOne Forage Lab (Ithaca, NY) for analysis as described above. Samples
of TMR were collected weekly throughout the trial, dried at 60°C for 72 h, and used to
determine daily dry matter intake. Daily DMI was averaged by week to determine weekly
DMI prior to statistical analysis. Samples of TMR collected during the first, fourth, and
seventh week of feeding were used to determine chemical composition of the diets. All
TMR samples were sent to Cumberland Valley Analytical Services (Hagerstown, MD)
for analysis. Samples were analyzed for DM and OM (method 942.05; AOAC
International, 2012). Nitrogen (method 990.03 AOAC International, 2012) was
determined by rapid combustion using a Macro Elemental nitrogen analyzer and CP was
calculated as nitrogen value was multiplied by 6.25. ADF was determined as per AOAC
method 973.18 (AOAC International, 2000), lignin by the method of Goering and Van
Soest (1970) and NDF using α-amylase and sodium sulfite (Van Soest et al., 1991).
Starch was determined according to Bach Knudsen (1997; Biochemistry Analyzer; YSI
Inc., Yellow Springs, OH). Ash was determined as per AOAC method 942.05 (AOAC
International, 2012). Minerals (Ca and P) were analyzed using an inductively coupled
plasma radical spectrometer (ICAP, Thermo Scientific, Waltham, MA). Predicted NEL
was calculated as previously described (Weiss, 1993) and NFC was determined by
difference (NRC 2001).
Cows were released from tie stalls and milked twice daily at 0500 and 1600 h.
Milk production was measured daily and averaged by week prior to statistical analysis.
Milk samples were collected for two consecutive milkings during each week of the
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experiment and analyzed for fat, protein, lactose, solids, somatic cells, and MUN by
Dairy One (Ithaca, NY) using Fourier Transform Infrared Spectroscopy technology for
milk components; somatic cells were determined by Flow Cytometry. Milk composition
and milk yield were used to calculate yield of milk fat, protein, lactose, and total solids
and 4% energy corrected milk (ECM) yield using the equation ECM = [0.4x milk yield
(kg)] + [15xfat yield (kg)] as previously indicated (NRC, 2001).
Body weight (BW) and BCS were measured on a single day at the initiation and
completion of the experiment. Cows were scored for body condition using the 5-point
body condition scoring system (Ferguson et al., 1994) by two individuals and values were
averaged for analysis. Change in BW (Δ BW) and change in BCS (Δ BCS) were
calculated as the difference of initial and ending values.
2.3.3

Statistical Analysis

Data were analyzed for normality or error variances using the PROC
UNIVARIATE procedure of SAS (v 9.4). Data for diet nutrient analysis and analysis of
untreated vs treated corn stover were analyzed using the PROC MIXED procedure of
SAS using a model that accounted for feed type and sample replicate. Dry matter intake,
milk production, milk composition, and ECM were determined by week of experiment
using the PROC MIXED procedure of SAS which accounted for the effects of time,
treatment, and cow within time x treatment. Data for change in BW and change in BCS
were analyzed using the PROC MIXED procedure of SAS and accounted for the effects
of cow, treatment, and cow within treatment. Data are reported as least square means ±
SEM. Means were evaluated using the Tukey’s multiple comparisons test and were
considered different if P < 0.05 and tended to differ when 0.05 ≤ P ≤ 0.10.
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2.4
2.4.1

Results and Discussion

Chemical Composition of Corn Stover

Treating corn stover with calcium hydroxide reduced (P < 0.05) the ADF and
NDF content of the feed by 14% and 29% respectively and tended (P < 0.10) to reduce
lignin content by 20%. The treatment process increased (P < 0.05) the NFC and
calculated NEL content of the feed by 233% and 217% respectively. The underlying
nature of the increase in NFC for treated stover has not been examined but may reflect
the action of hydroxide to produce a spectrum of cellulose breakdown products that differ
in solubility in aqueous solutions (Gubitosi et al., 2017). Calcium and ash content were
increased (P < 0.05) as expected by 157% and 160%, respectively, relative to untreated
corn stover by the addition of Ca(OH)2 during prestorage processing (Table 2.2). The
Ca(OH)2 was added to a target of 6% of the as fed mix with stover at 50% DM, or 12%
Ca(OH)2 on a DM basis. Given a Ca content of 54.1% in Ca(OH)2 this translates to
6.5% Ca on a DM basis in the final product. When added to the Ca content of untreated
stover (0.30%) we anticipated a final concertation of Ca approaching 6.9%. The reported
concentration of calcium in treated stover (5.12 ± 0.34 % DM) indicates an application
that was slightly below the target.
Chemical treatment of crop residues has been explored extensively as a method to
improve the nutritive content of low quality feeds for livestock (Klopfenstein, 1978;
Watson et al., 2015). More recently, these techniques have been refined in the
pretreatment of feedstocks used for biofuel production, particularly cellulosic ethanol
production. The primary goal common to each scenario is the disruption of lignin
structures in the crop residue and an increase in the availability of cellulose and
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hemicellulose for subsequent degradation to component sugars by either enzymatic
hydrolysis during cellulosic biofuels processing (Mosier et al., 2005) or by rumen
bacteria when fed as part of the diet for ruminant livestock. Pretreatment of corn stover
with calcium hydroxide and subsequent storage in horizontal bag silos in the current
study more than doubled the energetic value of this potential feed resource (from 0.35 vs.
0.90 Mcal calculated NEL/kg; Table 2.2). The pretreatment process applied to corn
stover used in the current study improved the nutrient profile of the feed resource and
brought the calculated NEL content of the resulting feed to a level comparable with other
low quality forages such as wheat straw, a high effective fiber feed that is commonly
used in diets for lactating cows (Shaw et al., 2016).
2.4.2

Dry Matter Intake

There was an overall effect of diet on DMI. Dry matter intake was reduced (P <
0.05) for cows fed the HYLGsub diet compared with cows receiving the CON diet (Table
2.3). Similarly, there was a tendency (P = 0.08) for DMI to be reduced for cows fed the
HYLG+CSsub. A reduction in DMI has been observed previously when alkali treated
corn stover is fed in place of corn grain or wheat hay (Jami et al., 2014; Cook et al.,
2016a). The addition of chaotrophic agents and resulting disruption of plant cell walls is
accompanied by additional calcium, sodium, potassium, or other minerals. In this case the
addition of calcium hydroxide to corn stover increased the calcium content of the corn
stover from 0.30 to 5.1%. Dietary calcium level has been shown to affect DMI. Calcium
as calcium hydroxide acts to limit feed intake of steers by nearly 50% compared to the
addition of anionic salts (Schauer et al., 2004). The effects of calcium to limit DMI,
however, may be diminished with a duration of feeding of ninety days or more (Schauer
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et al., 2004). Dietary calcium for dairy cows at levels up to 1.8% of the diet DM does not
appear to affect intake, however, higher inclusion levels were not examined (Kincaid et
al., 1981). Although the total calcium content of the TMR for the current study was
2.3%, the calcium hydroxide content was less than 2% of the total diet DM. In addition,
the total calcium content of the diets fed in the current study were balanced by the
inclusion of other calcium sources, therefore precluding dietary calcium content as the
source of intake reduction when calcium hydroxide treated corn stover was fed. Calcium
sulfate was fed in the CON and HYLGsub diets to balance S content of the diets.
Inclusion of 15% and 30% treated corn stover increased the NDF content of the
diet from 23.2 to 29.4 and 32.6 for CON, HYLGsub, and HYLG+CSsub, respectively
(Table 2.2). Although NDF content of treated corn stover was less than the untreated corn
stover the reduced NDF content and substitution level was not enough to maintain a
similar dietary NDF content in HYLGsub, and HYLG+CSsub and CON diets. The
inverse relationship between forage NDF and DMI intake has been established previously
(Allen, 2000; Mertens, 1987) and a more recent summary of 18 peer-reviewed
publications indicates that increased dietary NDF from both forage or concentrate sources
are negatively correlated with DMI in dairy cattle (Arelovich et al., 2008). The resulting
DMI equation using diet NDF (Arelovich et al., 2008) would predict a DMI intake for
cows fed the CON, HYLGsub, or HYLG+CSsub of 23.4, 22.1, and 21.4 kg/d however
the observed DMI values were 25.9, 22.7, and 23.2 ± 0.9 kg/d (Mean ± SEM, Table 2.3).
Additionally, NDF intake was only increased (P < 0.05) for cows fed the HYLG+CSsub
(Table 2.3). Although dietary NDF may negatively impact DMI (Arelovich et al., 2008)
the reduction in DMI in the present study does not appear to be fully explained by
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differences in diet NDF content however the present data do not account for potential
differences in NDF digestibility between the diets. Estimates of rumen and total tract
NDF digestibility of NDF is necessary to better explain the effect of calcium hydroxide
treated corn stover on feed intake.
There was an interaction effect for treatment by week of experiment on DMI
(Table 2.3; Figure 2.1). Cows fed the HYLGsub or HYLG+CSsub diets had increasing
intakes during the first few weeks of the feeding period and displayed a plateau for intake
towards the end of the feeding period. In contrast, the CON fed cows had increasing
intake through week 6 and then showed a slight decline to the end of the feeding period
(Figure 1). Increasing DM intake with duration of feeding for cows fed the HYLGsub or
HYLG+CSsub diets containing treated corn stover suggest that palatability may be an
initial factor influencing DMI but there is increasing acceptance of the diet with duration
feeding.
2.4.3

Milk Production and Composition

The overall yield of milk and 4% ECM were not different (P > 0.05) among cows
fed either the CON, HYLGsub, or HYLG+CSsub diet despite differences in DMI (Table
2.3). Additionally, there were no differences observed among the treatments for milk fat,
milk protein, milk lactose, total solids content, or MUN concentrations. Feeding alkalitreated forages in place of a portion of the grain in diets for lactating cows resulted in a
reduction in milk yield and milk components (Cook et al., 2016a); the present data
indicate a lack of effect on milk composition when calcium hydroxide treated corn stover
is used to replace other forages in the diet.
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Interactions for treatment by week of experiment were observed for 4% ECM and
efficiency of 4% ECM production (Table 2.3; Figure 2.1). Energy corrected milk varied
by week but a consistent pattern over the course of the experimental feeding period did
not emerge for any of the treatments (Figure 2.1b). Cows fed the HYLGsub or
HYLG+CSsub diets had lower beginning DMI than cows fed the CON resulting in higher
efficiency initially but had reduced efficiency of 4% ECM during weeks 2 through 9
while cows fed the CON diet continually decreased in efficiency.
It is important to note that direct comparison of the effects of feeding alkalitreated corn stover in place of traditional forages is complicated by the feeds included in
the test diets to accommodate the shortfall in energy and protein content of stover relative
to other forages. In the present study, a combination of treated corn stover and wet
distillers grains was used to replace all of the alfalfa haylage or all of the alfalfa haylage
and a portion of the corn silage. Previous research indicates that alkali-treated corn stover
increases ECM yield per unit DMI (Jami et al., 2014) and although the overall means are
not statistically different, the time × treatment data for the current study supports an
increase in efficiency of ECM yield during the early phases of feeding treated corn stover
and this advantage is reduced with duration of feeding.
Calcium hydroxide is commonly used to treat poor quality forages (Klopfenstein,
1978) but also serves as a rumen alkalizer to increase rumen pH especially when cows
are fed rapidly fermentable feeds (Dias et al., 2012). Low ruminal pH can impact feed
intake, microbial metabolism, and nutrient degradation (Dijkstra et al., 2012).
Magnesium oxide is frequently used as an alkalizer to increase rumen pH and is
differentiated from buffers in this regard (Erdman 1988). Sodium hydroxide treated
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wheat straw acts to increase ruminal pH in lactating dairy cows (Jami et al., 2014) and
results in an altered structure of the rumen bacterial community towards increased fiber
digestors. Specifically, the abundance of Prevotalla ruminocola and P. bryantii, bacteria
associated with hemicellulose and glycan degradation, and abundance of Selenomonas
ruminantium, species who use lactic acid, are increased when sodium hydroxide treated
wheat straw is fed (Jami et al. 2014). Although we have not measured rumen microbial
populations in this study, the potential exists for calcium hydroxide treated corn stover to
alter rumen pH, to affect changes in rumen microbial communities, and to alter rumen
dynamics in support of more efficient milk production.
Treatment of plant material with alkali as a pretreatment for cellulosic ethanol
production and, in the case of reported here, for use as feed for dairy cows results in
hydrolysis of linkages in lignin and glycosidic bonds of polysaccharides, a reduction in
polymerization and crystallinity of the plant material, a swelling of the fibers, and
disruption of the lignin structure. Additional alkaline saponification of the acetyl and
uronic ester bonds within the plant cell wall improves the accessibility of cellulases and
other enzymes and degradation. The effectiveness of alkaline pretreatment is a function
of changes in physical structure and chemical composition and the reaction conditions
(Klopfenstein, 1978; Hsu, 1996; Mosier et al., 2005). Although pretreatment of plant
material including alkali pretreatment disrupts the structure of lignin, the persistence of
lignin in the treated material can result in a reduction of subsequent digestion of the
treated material due to the high adsorption coefficient of the cellulase enzyme to lignin
and inhibition of activity of cellulase (Lu et al., 2016). The addition of soluble proteins,
including bovine serum albumin, are effective blocking agents for the non-production
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adsorption of cellulase to lignin in pretreated plant biomass used for biofuels production
(Bhagia et al., 2017). The inclusion of distillers grains, soybean meal, and other proteins
in the HYLGsub and HYLG+CSsub diets may provide a similar blocking effect for plant
polymers and promote greater rumen cellulase activity and digestibility of treated corn
stover. In order to achieve the most efficient digestion of corn stover in the rumen of
dairy cattle it may be necessary to evaluate the effectiveness of feed protein sources that
complement cellulase activity.
Taken together, utilizing treated corn stover in the diet at a 15 or 30% inclusion
level in combination with distillers grains to replace alfalfa haylage or an additional
portion of corn silage can provide an outlet to utilize corn stover material and a move
towards maximizing land resources for animal source food production. Because milk
production and composition were not changed by the inclusion of treated corn stover
there is an expectation that feeding corn stover may provide an economic advantage
provided the costs associated with treated corn stover inclusion in the diet are at least
similar to the use of traditional forage sources. Data that integrates the agronomic costs
associated with corn stover harvest, costs of feed processing, and the value of other feeds
in the ration coupled with the value of milk produced is necessary to determine the full
economic potential of calcium hydroxide treated corn stover as a feed for lactating dairy
cows. Opgrand (2015) estimated feed cost including costs associated with acquiring,
transporting, and handling each feed. Treated corn stover, corn silage, alfalfa haylage,
wet distillers grains, and high moisture corn were estimated were estimated at $119.78,
$138.42, $222.47, $218.80, $247.91 USD per dry tonne, respectively. Although many
factors such as market demand and production influence feed cost, income over feed cost
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(IOFC) can be expected to increase by replacing higher priced ingredients if milk
production can be maintained. By taking into account the cost of each ingredient of the
CON, HYLGsub, and HYLG+CSsub diets IOFC were $6.44, $7.89, and $6.80 USD per
cow per day, respectively. These improvements in IOFC agree with the results of others
who have found improved IOFC with the inclusion of alkaline treated corn stover (Shi et
al., 2015). In the current study, the increased IOFC for diets containing treated corn
stover is a result of the reduced ingredient costs associated with those diets and a
reduction in overall feed consumption coupled with a lack of difference milk production
or composition. Therefore, the IOFC for rations containing treated corn stover is
favorable given the costs of other feeds needed to balance the nutrient profile of the
ration when corn silage or alfalfa haylage are removed. Additional analysis is needed to
determine the economic viability of using treated corn stover under a wide range of
production and feeding scenarios. Likewise, the overall agronomic cost:benefit ratio
must be considered when considering widespread harvest of stover and use of treated
corn stover as a feed (Opgrand, 2015).

2.5

Conclusions

Data from the present study demonstrate that alkali-treated corn stover can replace
alfalfa haylage up to 15% of the diet DM or the combination of alfalfa haylage and a
portion of the corn silage up to a level of 30% of the diet DM, with no negative effects on
milk production or milk composition. The inherently low nutritional value of corn stover
has limited use of this potential feed resource for lactating dairy cows. Improvements in
technology supporting the production of cellulosic ethanol from crop residues have led to
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a renewed interest in processing and treating corn stover as a feed resource for livestock.
Data from the current study indicates that calcium hydroxide treated corn stover, when
combined with distillers grains, can replace alfalfa haylage and a portion of the corn
silage in diets for mid-lactation dairy cows. There are indications that inclusion of treated
corn stover up to 30% of the diet DM may enhance the efficiency of milk production by
reducing feed intake without any negative impacts on milk production or milk
composition. Furthermore, the inclusion of treated corn stover could improve IOFC in
some production settings.

2.6

References

Allen, M.S. 2000. Effects of diet on short-term regulation of feed intake by lactating
dairy cattle. J. Dairy Sci. 83:1598-1624.

AOAC International. Official Methods of Analysis. 17th. AOAC International, Arlington,
VA; 2000.

AOAC International. Official Methods of Analysis. 19th. AOAC International, Arlington,
VA; 2012.

Arelovich, H. M., C. S. Abney, J. A. Vizcarra. 2008. Effects of dietary neutral
detergent fiber on intakes of dry matter and net energy by dairy and beef
cattle: Analysis of published data. Prof. Anim. Sci. 24:375-383.

Bach Knudsen, K. E. 1997. Carbohydrate and lignin contents of plant materials used
in animal feeding. Anim. Feed Sci. Technol. 67: 319–338.

65
Bhagia S., R. Kumar, C. E. Wyman. 2017. Effects of dilute acid and flowthrough
pretreatments and BSA supplementation on enzymatic deconstruction of
poplar by cellulase and xylanase. Carbohydr Polym. 157:1940-1948. doi:
10.1016/j.carbpol.2016.11.085 .

Cameron, M. G., G. C. Fahey Jr, J. H. Clark, N. R. Merchen, and L. L. Berger. 1991.
Effects of feeding alkaline hydrogen peroxide-treated wheat straw-based diets
on intake, digestioin, ruminal fermentation, and production responses by mid lactation dairy cows. J. Anim. Sci. 69:1775-1787.

Chang, V. S., and M. T. Holtzapple. 2000. Fundamental factors affecting biomass
enzymatic reactivity. Appl Biochem Biotechnol. 84:5-37.
http://dx.doi:10.1385/ABAB:84-86:1-9:5.

Cook, D. E., D. K. Combs, P. H. Doane, M. J. Cecava, and M. B. Hall. 2016a. The
effects on digetibility and ruminal measures of chemically treated corn stover
as a partial replacement for grain in dairy diets. J. Dairy Sci. 99:6342-6351.
http://dx.doi.org/10.3168/jds.2015-10403.

Cook, D. E., R. W. Bender, K. J. Shinners, and D. K. Combs. 2016b. The effects of
calcium hydroxide-treated whole-plant and fractionated corn silage on intake,
digestion, and lactation performance in dairy cows. J. Dairy Sci. 99:53855393. http://dx.doi.org/10.3168/jds.2015-10402.

Dias, A. M., M L Itavo, J. C. Damasceno, G.Tadeu dos Santos, E. Nogueira, C. C.
Ítavo. 2012. Ruminal parameters of bovines fed diets based on sugar cane
with doses of calcium hydroxide. R. Bras. Zootec., 41:.963-969
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S151635982012000400019

66
Dijkstra, J., J. L. Ellis, E. Kebreab, A. B. Strathe, S. López, J. France, and A. Bannik.
2012. Ruminal pH regulation and nutritional consequences of low pH. Anim.
Feed Sci. Tech. 172:22-33.

Donkin, S. S., P. H. Doane, and M. J. Cecava. 2013. Expanding the role of crop
residues and biofuel co-products as ruminant feedstuffs. Anim. Front. 3:54-60.
http://dx.doi.org/10.2527/af.2013-0015.

Erdman, R.A. 1988. Dietary buffering requirements of lactating dairy cow: a review.
J. Dairy Sci. 71:3246-3266.

Ferguson, J. D., D. T. Galligan, and N. Thomsen. 1994. Principal descriptors of body
condition score in holstein cows. J. Dairy Sci. 77:2695-2703.

Gandi, J., M. T. Holtzapple, A. Ferrer, F. Michael. Byers, N. D. Turner, M. Nagwani,
and S. Chang. 1997. Lime treatment of agricultural residues to improve rumen
digestibility. Anim. Feed Sci. Technol. 68:195-211.

Goering, H. K. and P. J. Van Soest. 1970. Forage fiber analysis (Apparatus, reagent,
procedures and some applications). Agric. Handbook, No. 379, ARS-USDA,
Washington, DC.

Graham., R. L., R. Nelson, J. Sheehan, R. D. Perlack, and L. L. Wright. 2007. Cu rrent
and potential U.S. corn stover supplies. Agron. J. 99:1-11.
http://dx.doi.org/10.2134/agronj2005.0222.

Gubitosi, M., P. Nosrati, M. Koder Hamid, S. Kuczera, M. A. Behrens, E. G.
Johansson, and U. Olsson. 2017. Stable, metastable and unstable cellulose
solutions. R. Soc. Open Sci. 4: 170487.
http://rsos.royalsocietypublishing.org/content/4/8/170487

67
Hsu, T. A., M. R. Ladisch, and G. T. Tsao. 1980. Alcohol from cellulose. ChemTech.
10(5): 315-319.

Hsu T.A. 1996. Pretreatment of biomass In Handbook on bioethanol, production and
utilization. Washington DC: Taylor and Francis: Edited by Wyman, CE; pp.
179–212.

Jami, E., N. Shterzer, E. Yosef, M. Nikbachat, J. Miron, and I. Mizrahi. 2014. Effects
of including NaOH-treated corn straw as a substitute for wheat hay in the
ration of lactating cows on performance, digestibility, and rumen microbial
profile. J. Dairy. Sci. 97:1623-1633. http://dx.doi.org/10.3168/jds.2013-7192.

Johnson, M. F., R. R. Allmaras, and D. C. Reicosky. 2006. Estimating source carbon
from crop residues, roots and rhizodeposits using the national grain-yield
database. Agron. J. 98:622–636.

Kincaid, R. L., J. K. Hillers, and J. D. Cronrath. 1981. Calcium and phosphorus
supplementation of rations for lactating cows. J. Dairy Sci. 64:754-758.

Klopfenstein, T. 1978. Chemical treatment of crop residues. J. Anim. Sci. 46:841 -848.

Klopfenstein, T. and F. G. Owen. 1981. Value and potential use of crop residues and
by-products in dairy rations. J. Dairy Sci. 64:1250-1268.

Lu, X., X. Zheng, X. Li, and J. Zhao. 2016. Adsorption and mechanism of cellulase
enzymes onto ligninisolated from corn stover pretreated with liquid hot water.
Biotech Biofuels. 9:118. http://dx.doi.org/10.1186/s13068-016-0531-0.

Mertens, D. R. 1987. Predicting intake and digestibility using mathematical models of
ruminal function. J. Anim. Sci. 64:1548-1558.

68
Mosier, N., C. Wyman, B. Dale, R. Elander, Y. Y. Lee, M. Holtzapple, and M.
Ladisch. 2005. Features of promising technologies for pretreatment of
lignocellulosic biomass. Bioresour. Technol. 96:673-686.
NRC. 2001. Nutrient Requirements of Dairy Cattle. 7th rev. ed. National Academy
Press, Washington, DC.

Opgrand, J. J. 2015. Lime-treated corn stover as a livestock feed input: Economic and
environmental implications. Purdue University, ProQuest Dissertations
Publishing,1603090,
https://search.proquest.com/docview/1734886210?accountid=13360

Schauer, C. S., G. P. Lardy, W. D. Slanger, M. L. Bauer, and K. K. Sedivec. 2004. J.
Anim. Sci. 82:298-306.

Shaw, C. N., M. Kim, M. L. Eastridge, and Z. Yu. 2016. Effects of different sources
of physically effective fiber on rumen microbial populations. Animal. 10:4107.

Shi, H. T., S. L. Li, Z. J. Cao, Y. J. Wang, G. M. Alugongo, and P. H. Doane. 2015.
Effects of replacing wild rye, corn silage, or corn grain with CaO-treated corn
stover and dried distillers grains with solubles in lactating cow diets on
performance, digestibiity, and profitability. J. Dairy Sci. 98:7183-7193.
http://dx.doi.org/10.3168/jds.2014-9273.

USDA. 2013. Crop production 2012 summary (January 2013). National Agricultural
Statistics Service. Washington, DC.

Van Soest, P. J., F. B. Robertson, and B. A. Lewis. 1991. Methods for dietary fiber,
neutral detergent fiber, and nonstarch polysaccharides in relation to animal
nutrition. J. Dairy Sci. 74: 3583–3597.

69
Watson, A. K., J. C. MacDonald, G. E. Erickson, P. J. Kononoff, and T. J.
Klopfenstein. 2015. Forages and pastures symposium: optimizing the use of
fibrous residues in beef and dairy diets. J. Anim. Sci. 93:2616-2625.
http://dx.doi:10.2527/jas.2014-8780

Weiss, W.P. 1993. Predicting the energy values of feeds. J. Dairy Sci.76:1802.

Wilhelm, W. W., J. M. F. Johnson, D. L. Karlen, and D. T. Lightle. 2007. Corn stover
to sustain soil organic carbon further constrains biomass supply. Agron. J.
99:1655-1667.

70

Table 2.1. Ingredient and chemical composition of diets.
Treatment1
HYLGsub

Item2
CON
HYLG+CSsub
Ingredient
Corn silage
36.00
36.03
21.08
Corn stover
15.21
29.94
Alfalfa haylage
16.92
Corn distillers grain wet
7.61
6.16
High moisture corn
16.92
13.39
14.82
Soybean meal
14.58
13.45
14.46
Enertia fat supplement
0.50
0.30
1.00
Double S molasses dairy
2.40
2.40
2.60
Soybean hulls
2.60
2.60
2.60
Ground corn
4.44
4.44
4.44
Urea
0.25
0.31
0.35
Calcium carbonate
2.70
1.50
0.00
Sodium bicarbonate
0.65
0.65
0.65
Magnesium oxide
0.20
0.20
0.20
Monosodium phosphate
0.50
0.50
0.50
Salt
0.40
0.40
0.40
Calcium sulfate
0.20
0.20
0.00
TM
Diamond V XP
0.26
0.26
0.26
Vitamin E 44,053 IU/kg
0.02
0.02
0.02
RumensinTM 90
0.01
0.01
0.01
®
OmniGen-AF
0.13
0.13
0.13
3
PU5390 premix
0.12
0.12
0.12
4
Chemical analysis
CP
16.8 ± 1.2
16.9 ± 0.7
16.6 ± 1.4
a
b
NDF
23.2 ± 1.2
29.4 ± 0.9
32.6 ± 3.9b
a
ab
ADF
16.1 ± 0.9
19.5 ± 1.4
22.4 ± 2.7b
Lignin
2.97 ± 0.2
2.96 ± 0.4
2.99 ± 0.5
Ash
9.58 ± 0.6
9.60 ± 0.4
9.94 ± 1.1
NEL, Mcal/kg
1.64 ± 0.03
1.57 ± 0.03
1.53 ± 0.08
NFC
48.4 ± 1.5a
43.2 ± 0.5ab
40.5 ± 3.7b
Ca
1.89 ± 0.1
2.04 ± 0.2
2.29 ±0.3
P
0.49 ± 0.0
0.45 ± 0.0
0.47 ± 0.0
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and HYLG+CSsub
= 30% treated corn stover.
2
% DM unless noted otherwise.
3
Contains 5.56% CP, 65.2% ash, 4.75% Ca, 0.05% P, 0.03% Mg, 0.06% K, 0.69 % Na,
6.28% S, 452 mg/kg Co, 12461 mg/kg Cu, 451 mg/kg I, 102 mg/kg Fe, 46297 mg/kg Mg,
56403 mg/kg Zn, 5705 kIU/kg Vit A, 1801 kIU/kg Vit D, 30,734 IU/kg Vit E.
4
Means and standard deviations for 3 independent samples.
a,b
Means within a row with different superscripts differ P < 0.05.
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Table 2.2. Effect of Ca(OH)2 treatment on chemical composition of untreated and treated
corn stover.
Corn Stover1
Item
Untreated
Ca(OH)2 treated and stored
CP
5.1 ± 0.3
5.0 ± 0.2
Adjusted CP
5.1 ± 0.3
5.0 ± 0.2
Soluble Protein, %CP
42 ± 3
35 ± 8
Crude fat
0.7 ± 0.1
0.6 ± 0.1
ADF
54.3 ± 2.2a
46.9 ± 0.8b
aNDF
83.3 ± 1.1a
59.3 ± 3.2b
Lignin
7.7 ± 0.9
6.1 ± 0.6
Starch
0.5 ± 0.3
0.4 ± 0.1
NFC
5.2 ± 1.1a
17.3 ± 3.1b
Ash
5.63 ± 1.07a
17.85 ± 1.0b
a
NEL, Mcal/kg
0.35 ± 0.07
0.90 ± 0.04b
Ca
0.30 ± 0.05a
5.12 ± 0.34b
P
0.06 ± 0.01
0.07 ± 0.01
Mg
0.19 ± 0.05
0.21 ± 0.02
K
1.07 ± 0.08
1.05 ± 0.02
Na
0.006 ± 0.003
0.006 ± 0.003
S
0.06 ± 0.01
0.13 ± 0.01
Fe, mg/kg
374 ± 215
720 ± 171
Zn, mg/kg
12 ± 4
15 ± 3
Cu, mg/kg
5±0
6±1
Mn, mg/kg
21 ± 7
33 ± 5
Mo, mg/kg
0.43 ± 0.06
0.55 ± 0.07
1
Mean values and standard deviation of 3 independent samples of each feed.
2
DM basis unless noted otherwise.
a,b
Means within a row with different superscripts differ P < 0.05.
2

Table 2.3. Effect of calcium hydroxide treated corn stover on dry matter intake, milk yield, and efficiency of lactating cows fed a
CON, HYLGsub, or HYLG+CSsub diet.
Treatment1

P value
SEM

Trt2

Week

Trt ×
Week

Item

CON

HYLGsub

HYLG+
CSsub

DMI, kg/d3

25.9a

22.7b

23.2ab

0.9

< 0.05

< 0.05

< 0.05

NDF intake, kg/d3

6.01a

6.68ab

7.46b

0.27

< 0.05

< 0.05

< 0.05

36.4

36.7

34.5

2.3

0.75

< 0.05

< 0.05

Milkfat, kg/d

1.24

1.17

1.23

0.08

0.79

< 0.05

< 0.05

Protein, kg/d

1.04

1.03

1.00

0.05

0.81

< 0.05

< 0.05

Lactose, kg/d

1.72

1.74

1.63

0.10

0.71

< 0.05

0.05

Solids, kg/d

4.31

4.27

4.16

0.24

0.90

< 0.05

< 0.05

Fat, %

3.48

3.26

3.58

0.13

0.22

< 0.05

< 0.05

Protein, %

2.93

2.86

2.89

0.07

0.82

< 0.05

< 0.05

Lactose, %

4.78

4.80

4.74

0.06

0.79

< 0.05

0.22

Solids, %

12.1

11.8

12.1

0.22

0.55

< 0.05

< 0.05

SCC

172.8

119.0

138.0

62.3

0.83

0.56

0.76

MUN

17.9

16.9

16.5

0.63

0.31

< 0.05

< 0.05

ECM, kg/d

33.0

32.2

32.2

1.9

0.94

< 0.05

< 0.05

4

Efficiency

1.28

1.42

1.40

0.05

0.13

< 0.05

< 0.05

Δ BW, kg5

20.7

28.1

7.0

7.4

0.13

-

-

-

-

Milk yield, kg/d

3

Δ BCS6
0.04
-0.03
0.00
0.06
0.75
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and HYLG+CSsub = 30% treated corn stover.
2
Treatment.
3
Dry matter intake (DMI), NDF intake, and milk yield were averaged by week prior to statistical analysis.
4
ECM / DMI.
5
Change in body weight.
6
Change in body condition score.
a,b
Means within a row with different superscripts differ P < 0.05.
1
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Figure 2.1. Effects of treatment and time of treatment on dry matter intake, 4% energy
corrected milk, and 4% energy corrected milk per unit of dry matter intake. Cows were
fed either the CON diet (solid black line) lacking treated corn stover, or HYLGsub diet
(dashed line) containing 15% treated corn stover or the HYLG+CSsub diet (dashed line
plus dots) containing 30% treated corn stover for 10 weeks. Panel A represents the mean
weekly DMI for cows fed the CON, HYLGsub, or HYLG+CSsub diets, Panel B
represents yield of ECM (kg/d), and Panel C is the efficiency of ECM production during
the 10-week feeding period.
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CHAPTER 3.
DIGESTIBILITY OF CA(OH)2 TREATED CORN
STOVER AS AN ALTERNATIVE FOR ALFALFA HAYLAGE OR
CORN SILAGE IN DIETS FOR LACTATING DAIRY COWS

3.1

Abstract

Nutritive value of corn stover has been improved through prestorage processing
and treatment with Ca(OH)2 and inclusion of treated corn stover may impact diet
digestibility. The objective of this experiment was to determine the impact of maximal
substitution of either alfalfa haylage or corn silage with Ca(OH)2-treated corn stover on
feed intake, milk production and milk composition in lactating dairy cows and effects on
rumen fermentation parameters, rumen digestibility, and their combined effect on feed
efficiency. Corn stover was processed by chopping, rehydrating, and treating with 6.6%
Ca(OH)2 (DM basis), and stored in bag silos. Six mid-lactation multiparous Holstein
cows were assigned to one of two groups and randomized within group to a Latin Square
design to receive a TMR without any added Ca(OH)2-treated corn stover (CON), a TMR
where Ca(OH)2-treated corn stover and distillers grains replaced alfalfa haylage at 15 %
of the diet (HYLGsub), or a TMR where Ca(OH)2-treated corn stover and distillers grains
replaced corn silage at 19% of the diet DM (CSsub). Diets were evaluated in a 3 x 3
replicated Latin square consisting of three 21-d periods. The first 13 days of each period
were used for diet adaptation followed by 8 days of data collection. Milk production was
not different among treatments. DMI was reduced (P < 0.05) for HYLGsub and CSsub
diets when compared to CON (24.5, 21.8, 20.6 ± 1.0 kg/d for CON, HYLGsub, and
CSsub, respectively). Percent of milk fat and milk protein were decreased (P < 0.05) with
inclusion of Ca(OH)2-treated corn stover while milk fat yield tended (P < 0.10) to
decrease and milk protein yield was not different. Energy corrected milk production per
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unit of DMI (kg/kg) was greater (P < 0.05) for cows fed diets containing Ca(OH)2-treated
corn stover (1.12, 1.26, and 1.30 ± 0.05 CON, HYLGsub, and CSsub, respectively).
Results show that Ca(OH)2-treated corn stover can replace haycrop forages or up to 31%
of the corn silage in diets for dairy cows without negatively impacting milk production
while simultaneously improving the efficiency of conversion of feed to milk.

Keywords: corn stover, alternative forage, feed conversion efficiency

3.2

Introduction

Alkaline treatment has been successfully employed as a strategy to improve the
digestibility of low quality crop residues and their potential value as livestock feed
(Klopfenstein and Owen, 1981). Likewise, treatment of medium quality forages with
sodium hydroxide also increases the proportion of potentially digestible DM and NDF
(Canale et al., 1988). Calcium hydroxide treated corn stover has a greater predicted NEL.
Therefore, the feeding value of treated corn stover was improved relative to untreated
corn stover and permitted use of treated stover in place of a portion of the alfalfa haylage
or corn silage in diets for lactating dairy cows (CHAPTER 2). The effects of feeding
treated corn stover are accompanied by indications of improved feed efficiency that is
linked to reduced feed intake relative to milk production (CHAPTER 2). Despite
promising results (CHAPTER 2; Jami et al., 2014) the effects of feeding alkaline treated
corn stover are inconsistent with respect to milk production and feed efficiency (Cameron
et al., 1991; Cook et al., 2016a). Furthermore, the proportion and type of traditional
forages that can be replaced by alkaline treated corn stover has not been fully evaluated.
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Alkalizing agents such as magnesium oxide act to increase rumen pH and can
impact cellulose digestibility which is inhibited by low ruminal pH. Ruminal pH below
6.2 partially inhibits cellulose degradation which is totally inhibited by ruminal pH < 6.0
(Mould and Ørskov, 1983). Consequently, growth of cellulytic bacteria capable of
digesting cellulose is often limited by low ruminal pH (Russell and Wilson, 1996),
amplifying the problem further. However, beyond improving digestibility of low quality
residues, calcium hydroxide can also increase ruminal pH (Dias et al., 2012). Thus,
feeding calcium hydroxide treated corn stover could increase ruminal pH and impact
cellulose digestibility of other feeds that are included in the TMR but have not been
exposed to Ca(OH)2 pretreatment.
Feed efficiency is a function of feed intake, digestibility, and postabosrptive
metabolism. Diets containing alkaline treated feeds have yielded inconsistent effects on
both DMI and apparent digestibility (Cameron et al., 1990; Cameron et al., 1991; Canale
et al., 1988; Cook et al., 2016a) however NDF digestibility appears to be improved in
many instances (Cameron et al., 1990; Cameron et al., 1991; Dias et al., 2011). Apparent
total-tract NDF digestibility was not affected with inclusion of treated corn stover (Cook
et al., 2016a). Taken together, this suggests that the digestibility of NDF associated with
diets containing treated corn stover is at least similar to the NDF digestibility of the
control diets containing alfalfa haylage and corn silage.
There is limited data that examines the effect of feeding treated corn stover on
rumen and total tract digestibility especially in comparison with traditional corn and hay
crop silages and the overall impact on feed efficiency. Given our previous results
demonstrating similar milk production but reduced feed intake when corn stover included
in diets for lactating cows (CHAPTER 2), we hypothesized that inclusion of treated corn
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stover would enhance diet digestibility. The objective of the current study was to
determine the effects of maximal replacement of either alfalfa haylage or corn silage with
treated corn stover on feed intake, total tract digestibility, rumen fermentation parameters,
rumen digestibility, and milk production in order to assess the origins of increased feed
efficiency of mid-lactation dairy cows fed alkaline treated corn stover.

3.3
3.3.1

Materials and Methods

Calcium Hydroxide Treatment of Corn Stover

Large round bales of corn stover were harvested and processed through a
Haybuster, Big Bite 1130 tub grinder (DuraTech Industries International, Inc.,
Jamestown, ND) using an 11.4 to 19.1 cm rectangular screen to create a 10.2 to 15.2 cm
theoretical chop length. Chopped corn stover was rehydrated and treated with a 50%
slurry of Ca(OH)2 in water and conveyed from the chopper and discharged onto a belt
where Ca(OH)2 slurry was uniformly sprayed onto chopped corn stover to achieve the
target of 6.6% Ca(OH)2 and a final moisture content of 50%. Immediately after being
chopped, hydrated, and treated with calcium hydroxide the corn stover was packed into
plastic Ag-Bag silos (St. Nazianz, WI) and stored anaerobically for a minimum of 2
weeks.
3.3.2

Animal Care and Experimental Design

Six mid-lactation multiparous Holstein cows fitted with 10-cm rumen cannulas
(Bar Diamond, Parma, ID) were selected from the Purdue Dairy Research and Education
Center herd and used in a replicated 3 x 3 Latin square design. Cows averaged 180 ± 10
(mean ± SD) DIM, weighed 673 ± 68 kg, were producing 29.4 ± 2.7 kg/d of milk, and
had a BCS of 3.06 ± 0.30 at the initiation of the experiment. Cows were stratified by milk
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production and parity and randomly assigned to one of the two squares. Each square
consisted of three 21 d periods where the first 13 d were used for acclimation to dietary
treatment and the last 8 d were used for sample collection. At the end of the third period,
cows remained on their respective treatments for 5 d to determine in situ dry matter
digestibility (DMD).
All animal handling and procedures of animal care were approved by the Purdue
University Animal Care and Use Committee. All cows were housed at the Purdue Dairy
Research and Education Center in individual tie stalls except the last 4 d of each period
where they were moved and housed in individual metabolism stalls for total collection of
urine and feces.
Diets were formulated (Table 3.1) to provide adequate nutrients to support cows
producing 31.8 kg of milk at 3.8% fat and 3.0% true protein (NRC, 2001) and delivered
once daily to achieve approximately 10% daily feed refusals. All cows had free access to
water and individual water intake was recorded daily when cows were housed in
individual metabolism stalls during d 18 to 21 of each period. Cows received either a
control TMR (CON) or a TMR where the maximal amount of alfalfa haylage was
replaced with Ca(OH)2 treated corn stover and included at 15% of the diet DM
(HYLGsub), or a TMR where the maximal amount of corn silage was replaced with
Ca(OH)2 treated corn stover and included at 19% of the diet DM (CSsub). In all cases,
diets containing treated corn stover were balanced for nutrient content using wet distillers
grains.
Diets were mixed fresh and delivered at approximately 0800 h daily as a TMR.
Daily feed intake was determined by the difference of feed offered and refused. To adjust
diets to an as fed basis, dietary ingredients were collected weekly and dried in a
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convection oven at 60°C for 72 h. Samples of corn stover, untreated and treated, collected
prior to treatment and during the experiment, respectively, were ground to pass through a
2 mm screen and sent to DairyOne Forage Lab (Ithaca, NY) for analysis. Samples of
TMR were collected weekly and dried at 60°C for 72 h to determine daily dry matter
intake. Daily DMI data from d 14 to 21 were used for statistical analysis. Samples of
TMR were collected from each period, sent to Cumberland Valley Analytical Services
for analysis by wet chemistry, and used to determine chemical composition of the diets.
A fresh sample of the TMR was subsampled prior to sending and used to determine diet
pH (Shaver et al., 1984). A 1 kg sample of orts was collected daily from d 14 to 21 of
each period. Samples of orts were dried at 60°C for 72 h, ground to pass through a 2-mm
screen, composited, and sent to Cumberland Valley Analytical Services for analysis by
wet chemistry to determine chemical composition of the orts. Chemical composition of
the TMR and respective orts samples were compared by determine the change in
chemical composition (TMR – orts).
Body weight (BW) was recorded at the beginning of each period and at the
completion of the third period. The difference of initial and ending values were used to
determine change in BW (Δ BW). Cows were scored for body condition at the initiation
and completion of the experiment using a 5-point body condition scoring system
(Ferguson et al., 1994) by two individuals. Scores were averaged and change in BCS was
calculated for each cow.
On d 17 of each period a 0.5 kg subsample of each unsorted TMR was obtained at
feeding (0 h). Feed sorting behavior was determined at 24 h relative to feed delivery by
obtaining a 0.5 kg subsample of the orts. Samples were immediately size separated using
the Penn State Particle Separator (PSPS, Nasco, Fort Atkinson, WI) through 19-, 8-, and
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1.18-mm screens, previously described (Lammers et al., 1996; Kononoff et al., 2003).
Sorting behavior was evaluated by the calculating the sorting index for particles retained
on each sieve of the PSPS by expressed the as-fed intake of each PSPS fraction relative to
initial distribution (Leonardi and Armentano, 2003).
3.3.3

Flow Marker Preparation and Dosing

Solid passage rates were determined using Yb3Cl-6H2O (Yb) marked wheat straw
and were prepared as described previously (Lykos et al., 1997). Briefly, wheat straw (10
kg of wet material) was chopped to target 5 cm theoretical chop length, soaked in 90 L of
tap water, and stirred in 8 h intervals for a total soak time of 24 h. After soaking, wheat
straw was rinsed, filtered through two layers of cheesecloth and dried at 60°C for 48 h.
Dry wheat straw (3 kg) was soaked in 40 L of tap water with 150 g of dissolved Yb3Cl6H2O for 48 h stirred in 8 h intervals. Wheat straw was then rinsed with tap water,
filtered through two layers of cheesecloth, and soaked for 2 h in 40 L of tap water at pH
5.0 adjusted with HCl. The wheat straw was rinsed and filtered a final time before being
dried at 60°C for 48 h. Liquid passage rates were determined using Co-EDTA prepared
as indicated previously (Udén et al., 1980). Once dried, the prepared Co-EDTA crystals
were dissolved into water. Each Co-EDTA dose contained 10 g of Co-EDTA in 200 ml
water. Cows received a dose of 250 g of ytterbium marked wheat straw and a 10 g CoEDTA through the rumen cannula prior to feeding on d 14 of each period. Rumen
contents were mixed by hand immediately after dosing with Co and Yb.
3.3.4

Rumen Sampling

Rumen digesta were collected from the dorsal, ventral, and caudal areas of the
rumen during d 14 to 17 of each period. The 0 h samples were taken immediately after
dosing and subsequent samples were collected at 2, 4, 8, 12, 24, 48, and 72 h after rumen
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dosing with solid and liquid markers. Collected digesta were hand mixed before filtering
through four layers of cheesecloth. Approximately 200 g of rumen solids and 150 ml of
filtered rumen fluid were retained. Solid rumen digesta samples were immediately frozen
(-20°C) until determination of Yb. An aliquot of rumen liquid taken at 0, 2, 4, 8, 12, and
24 h was used to determine pH immediately after filtering using IQ Scientific Instruments
(IQ 240) pH meter (Carlsbad, CA). A 25 ml aliquot of rumen liquid was combined with
5 ml of 25% metaphosphoric acid for VFA (Otterstein and Bartley, 1971; Casper et al.,
1987) and NH3 (Broderick and Kang, 1980) analysis for each hour (0 to 24 h). A 50 ml
aliquot of rumen liquid was collected for Co analysis at all sampling times (0 to 72 h).
Samples for VFA, NH3, and Co analyses were frozen immediately (-20°C) and stored
frozen until analysis.
3.3.5

Rumen Sample Analysis

Rumen solid samples were thawed, dried at 60°C, ground to pass through a 2 mm
screen, digested using a wet ashing procedure (Campbell and Plank, 1992), and analyzed
for Yb concentration using ICP-MS. Briefly, a 0.25 g sample of the rumen solid fraction
was combined with 2 ml nitric acid overnight before being digested at 100°C for
approximately 4 h. Rumen liquid samples were thawed, subjected to wet ashing
(Campbell and Plank, 1992), and analyzed for Co concentration using ICP-MS. Briefly, 1
ml rumen fluid was combined with 5 ml of nitric acid and digested at 100°C for 4 h.
Once digested samples were clear, samples were transferred and the digestion tubes
rinsed 3x combining sample and rinsate to centrifuge tubes before dilution to 25 ml with
nanopure water. Then, 2 ml of the digested sample were combined with 8 ml of nanopure
water and analyzed for either Co or Yb at each collected hour using inductively coupled
plasma mass spectrometry (ICP-MS; Perkin Elmer Sciex ELAN DRC-e ICP-MS) that
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was fitted with an autosampler (Perkin Elmer AS-93plus). High concentrated samples
were diluted further with nanopore water, when needed, to fit within the standard curve.
Standard curves were made using appropriate dilutions of Co 1,000 µg/ml standard
solution (88060, Alfa Aesar, Tewksbury, MA) and Yb 1,000 µg/ml standard solution
(89890, Alfa Aesar, Tewksbury, MA) for Co and Yb, respectively.
For NH3 and VFA preparation, rumen liquid samples were thawed and
centrifuged at 475 x g. Rumen NH3 was determined using the phenol-hypochlorite assay
and working standards were made by appropriate dilutions of the ammonium sulfate 100
mM ammonia stock standard. An aliquot of rumen liquid supernatant was used to
determine concentrations of rumen ammonia using a microplate reader (model MRX
Revelation, Dynex Technologies, Chantilly, VA) with absorbance of 630 nm. Another
rumen liquid supernatant aliquot was filtered through 0.45 micron filter and 1.5 ml was
combined with 100 ul of 2-ethyl butyric acid. Rumen VFA concentration by gas
chromatography (model 7890A Agilent Technologies, Santa Clara, CA) using a Nukol
capillary column (30 m in length, 0.25 mm ID, 25 µ phase, Supelco, Inc., Bellefonte,
PA). Oven temperature program was 90ºC to 150ºC at 10ºC/min, using helium carrier gas
maintained at 80 psi. The injector port was set at 270ºC and split injections were made at
a 30:1 split ratio. The flame ionization detector conditions were as follows: temperature
300ºC, air 400 mL/min, and H2 at 40 mL/min with makeup helium flow of 26 mL/min.
The VFA standard contained 100 µL of water soluble fatty acid standard, WSFA-2
(Sigma-Aldrich, St. Louis, MO) and 25 µL machine internal standard (MIS) solution.
The MIS contained 25% (wt/vol) meta-phosphoric acid with 2-ethylbutyric acid (1099591L, Sigma-Aldrich, St. Louis, MO) added to give a final concentration of 3 to 4 mM in
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the standard and samples. Concentrations of rumen VFA were determined relative to the
VFA standard solution (WSFA-2 Supelco, Sigma-Aldrich, St. Louis, MO).
Rumen contents were evacuated on the last day of each period at 4 h post feeding
into a 208 L plastic bin and thoroughly mixed with an electric drill powered mortar
paddle. Total digesta weight was recorded. Approximately 2.5 kg of rumen digesta was
subsampled, weighed, and filtered through 4 layers of cheesecloth to separate solid and
liquid fractions (Harvatine and Allen, 2006). The solid and liquid fractions were weighed
to determine the mass and percentage of each fraction relative to total rumen contents.
3.3.6

Collection of Fecal and Urine Samples

Fecal and urine samples were collected during d 18 through d 21 of each period.
Cows were moved to individual metabolism stalls on d 18 at approximately 0600 h and
were fitted with urinary catheters (30 fr x 16” with 30cc balloon, Jorgensen Labs,
Loveland, CO) for daily collection of total fecal and urine output. Total output of both
fecal and urine were measured each morning immediately after milking. Daily fecal
output was collected throughout the day into a 208 L plastic bin and thoroughly mixed
with a steel mortar paddle powered by an electric drill. A fecal subsample of
approximately 5% (by weight) was collected from each cow, each day, composited by
period and cow, and stored at – 20°C until analysis. Total urine samples were collected
each day through placed catheters connected to Masterflex Tygon E-Food (B-44-4X)
tubing (Cole-Parmer, Vernon Hills, IL). Urine was deposited throughout the collection
day into a 105 L tote containing 20 ml of H2SO4. A (0.44% by weight) representative
sample was collected daily and stored at -20°C until analysis of urinary nitrogen.
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3.3.7

Analysis of Fecal and Urine Samples

Fecal samples were thawed, subsampled and dried at 60°C to determine DM
content, and ground using 1-mm screen. Ground fecal samples were analyzed for NDF,
ash, and nitrogen content. Neutral detergent fiber was determined using alpha-amylase
(Sigma no. A3306, Sigma Chemical Co., St. Louis, MO) with sodium sulfite adapted for
the Ankom A200 fiber analyzer (Ankom Technology, Macedon, NY). Organic matter was
determined by oven combustion at 550°C for 12 h. Nitrogen content was analyzed by
Kjeldahl (AOAC, 2001; section 4.2.11; Kjeltec 2300, Foss, Eden Prairie, MN). Non-NDF
organic matter was calculated as the OM fraction minus the NDF fraction. Urinary
samples were thawed, pooled by period based on daily weighted proportion, and nitrogen
content determined by (AOAC, 2001; section 4.2.11; Kjeltec 2300, Foss, Eden Prairie,
MN).
3.3.8

In Situ Ruminal Degradability

In situ disappearance of selected dietary ingredients were measured using the
standardized procedures proposed by Vanzant et al. (1998). Samples of dietary
ingredients; corn silage, alfalfa haylage, and treated corn stover were collected, dried at
60°C for 72 h, and ground to pass through a 2-mm screen. A 2 g sample was weighed in
duplicate into pre-weighed 5 cm x 10 cm nylon bags (Ankom Technology, Macedon,
NY, 50 micron porosity, R510) for 0, 6, 12, 24, 48, 96, and 120 h. The small, labeled
bags were placed into a large, mesh nylon bag containing a 300 g weight and securely
closed before being placed in the ventral rumen. The small, labeled bags were inserted in
reverse order and removed at the same time. The 0 h bag was not placed in the rumen but
was handled as per the post-incubation procedure and was used to determine amount of
material removed during washout while the average of 96 and 120 h allowed for
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examination of indigestible material. Digestibility of soybean meal and distillers grain
was determined using samples incubated for 16 h and the same process described above.
All processed bags were dried at 60°C for 72 h then weighed to determine the amount of
material removed for each time point.
3.3.9

Statistical Analysis

Data were analyzed for normality or error variances using the PROC
UNIVARIATE procedure of SAS (v 9.4). The PROC MIXED procedure of SAS was
used to analyze the chemical analysis of the diets and untreated vs treated corn stover and
accounted for feed type and sample replicate. Mean differences of dry matter intake, milk
production, milk composition, ECM, nutrient digestibility, nutrient intake, and digestible
nutrient intake were determined for each treatment using the PROC MIXED procedure of
SAS which accounted for the effects of square, treatment, period, and cow within square.
Data for VFA and NH3 were analyzed for each period using PROC MIXED and
accounted for square, period, treatment x hour, and cow within period with the repeated
measurement of hour within period. Concentrations of Co and Yb were analyzed first
using PROC NLIN to determine rumen kinetic coefficients for each animal and treatment
combinations. Resulting estimates of pool size and rate of passage were analyzed using
PROC MIXED. Data for change in BW was analyzed using the PROC MIXED
procedure of SAS and accounted for the effects of cow, treatment, and cow within period.
Particle distribution of TMR, pH of TMR, sorting behavior of TMR, chemical analysis of
the orts, and change in chemical composition of the orts were analyzed using PROC
MIXED and the model accounted for the effects of square, treatment, period, and cow
within square. Mean differences of fecal and urine output, and calculated nitrogen intake,
nitrogen excretion, and nitrogen balance were determined for each treatment using the
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PROC MIXED procedure and accounted for square, treatment, period, and cow within
square effects. The amount of each dietary ingredient (corn silage, alfalfa haylage, and
treated corn stover) considered indigestible was determined by averaging the 96 and 120
h samples. The amount of dietary ingredients degraded at 0, 6, 12, 24, 48, and 96 h were
analyzed using the PROC MIXED. Protein degradation of soybean meal was determined
using a 16 h time point and analyzed using PROC MIXED. The calculated indigestible
amount was subtracted from the other time points 0, 6, 12, 24, and 48 h to determine the
amount degraded of the digestible fraction. These data were analyzed using PROC NLIN
to determine degradation coefficients for each animal and treatment combinations and
resulting estimates of potentially digestible material and degradation rate were analyzed
using PROC MIXED. Data are reported as least square means ± SEM. Means were
considered different if P < 0.05 and tended to differ when 0.05 ≤ P ≤ 0.10.

3.4
3.4.1

Results

Chemical Composition of Corn Stover

The chemical composition of untreated and treated corn stover (Table 3.2) was
presented previously (CHAPTER 2) and is provided here for ease of reader viewability.
Briefly, the ADF and NDF content was reduced (P < 0.05) by 14 and 29%, respectively,
when corn stover was treated with calcium hydroxide while lignin content tended (P <
0.10) to be reduced by 20%. Content of both NFC and predicted NEL were increased (P <
0.05) over 200% in calcium hydroxide treated corn stover. Additionally, the treatment
process increased (P < 0.05) calcium and ash content as expected with the addition of
calcium hydroxide prior to storage (Table 3.2).
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3.4.2

Diet Chemical Analysis and Dry Matter Intake

Diet NDF content was increased (P < 0.05) with treated corn stover inclusion in
HYLGsub and CSsub diets while diet ADF content was increased (P < 0.05) in the
CSsub diet. Nonfiber carbohydrate content was decreased in the CSsub diet (P < 0.05).
The overall NEL of the diets were not different but tended (P = 0.06) to be lower when
treated corn stover replaced corn silage (CSsub) compared to the CON (Table 3.1).
Diet had a significant effect on intake. When treated corn stover was fed as a part
of the diet, DMI was reduced (P < 0.05) for both the HYLGsub and CSsub diets when
compared to the CON (Table 3.3).
3.4.3

Milk Production and Composition

Milk production and 4% ECM were similar (P > 0.05) across all treatments
(Table 3.3). Milk fat percent was decreased (P < 0.05) when treated corn stover replaced
alfalfa haylage (HYLGsub) but was not different (P > 0.05) when replacing corn silage
(CSsub). Milk protein percentage and MUN were only decreased (P < 0.05) when treated
corn stover replaced corn silage (CSsub). Percent of milk solids was also decreased (P <
0.05) with the inclusion of treated corn stover in both the HYLGsub and CSsub diets.
Cows fed treated corn stover had improved (P < 0.05) efficiency of feed converted to
milk on a 4% ECM basis (Table 3.3).
3.4.4

Ruminal Characteristics

Nutrient intakes, apparent digestibilites, and digestible nutrient intakes are
presented in Table 3.4. Intake of DM, OM, OM-NDF, and CP intake were all reduced (P
< 0.05) with the inclusion of treated corn stover. Apparent DM, OM, and CP digestibility
were reduced (P < 0.05) when treated corn stover replaced a portion of the corn silage in
the CSsub diet. Apparent OM digestibility tended (P < 0.10) to be reduced when treated
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corn stover was fed in the HYLGsub diet compared to the CON. Apparent OM-NDF and
NDF digestibility were not different (P > 0.05) among dietary treatments. When treated
corn stover was included in either the HYLGsub or CSsub diets, digestible nutrient intake
of DM, OM, and CP were all reduced (P < 0.05). Digestible nutrient intake of OM-NDF
and NDF were not different (P > 0.05) among dietary treatments.
Total VFA concentration was not affected (P > 0.05) by inclusion of treated corn
stover (Table 3.5). Molar percentage of acetic acid was greater (P < 0.05) for both the
HYLGsub and CSsub diets while molar percentage of butyric and propionic acid was
reduced (P < 0.05) for cows fed the HYLGsub and CSsub diet, respectively when
compared to the CON fed cows. Valeric and isobutyric molar percentages were decreased
(P < 0.05) when treated corn stover was included in the diet. The percentage of isovaleric
was decreased (P < 0.05) when treated corn stover replaced alfalfa haylage and even
further reduced when treated corn stover replaced corn silage (Table 3.5).
Ruminal ammonia concentrations were lower (P < 0.05) when treated corn stover
replaced a portion of the corn silage (CSsub) in the diet and tended to be lower (P = 0.06)
when replacing alfalfa haylage (HYLGsub) compared to the CON (Table 3.5). Rumen pH
was not different (P > 0.05) across all dietary treatments (Table 3.5).
There were no differences (P > 0.05) of total rumen contents or rumen liquid
amount between dietary treatments. When compared to the CON and CSsub diets the
amount of rumen solids was less (P < 0.05) while the percentage of each fraction was
greater (P < 0.05) when cows were fed the HYLGsub diet (Table 3.5). Passage rate of
both solid and liquid fractions were not altered (P > 0.05) with the inclusion of treated
corn stover. However, liquid passage rate tended to increase (P = 0.08) when treated corn
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stover replaced a portion of the corn silage in the CSsub diet when compared to the CON
(Table 3.5).
3.4.5

Diet pH, Particle Size Distribution, and Sorting Behavior

Inclusion of treated corn stover increased (P < 0.05) the diet pH (Table 3.6) and
the CSsub diet had the highest pH at 7.38. The particle size distribution of the CON,
HYLGsub, and CSsub diets were not different (P > 0.05) but the HYLGsub diet tended to
have a greater (P < 0.10) amount of fines (Table 3.6). Data indicate long particles were
selected against and fine particles were selected for in each dietary treatment. Sorting
behavior analysis yielded no differences (P > 0.05) between cows fed the CON,
HYLGsub, or CSsub diets (Table 3.6).
Chemical analysis of orts, composited by period for each cow, was different (P <
0.05) between the CON, HYLGsub, and CSsub diets. Specifically, NDF, ADF, and Ca
content were increased (P < 0.05) while NEL, NFC, and P content were decreased (P <
0.05; Table 3.6) with the inclusion of treated corn stover. The change in TMR
composition (TMR – orts) of each TMR compared to their respective orts counterpart
indicated there were only differences (P < 0.05) in CP content among the dietary
treatments. The CP content of the CON orts was greater (P < 0.05) than the HYLGsub
and CSsub diets.
3.4.6

Excreta and Nitrogen Utilization

Fecal output, fecal NDF, and fecal DM content were not different (P > 0.05)
between the dietary treatments. Fecal ash content tended to be higher (P < 0.10) when
cows were fed the CSsub diet. Total urine output was decreased (P < 0.05) in both
HYLGsub and CSsub diets compared to the CON and cows fed the HYLGsub diet
excreted less (P < 0.05) urine than cows fed the CSsub diet (Table 3.7).
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Nitrogen balance was also evaluated (Table 3.7). Nitrogen intake was lower (P <
0.05) for cows fed treated corn stover in either the HYLGsub or CSsub diet. Output of
nitrogen in the feces tended to be lower (P < 0.10) for cows fed the HYLGsub diet and
urine nitrogen was lower (P < 0.05) for both the HYLGsub and CSsub diets when
compared to the CON. Overall, nitrogen balance was positive for all dietary treatments
and lower (P < 0.05) for cows fed the CSsub diet. Efficiency of nitrogen use, measured as
g milk N/ g N intake, was higher (P < 0.05) with the inclusion of treated corn stover
(Table 3.7).
3.4.7

In Situ Ruminal Digestibility

Ruminal dry matter disappearance of corn silage, alfalfa haylage, and treated corn
stover at 6, 12, 24, 48, and 96 h were not different (P > 0.05) between cows fed CON,
HYLGsub, or CSsub diets (Figure 3.1). Protein digestibility of soybean meal and
distillers grain were not different (P > 0.05) between dietary treatments at 16 h (Figure
3.2). The calculated degradation rate of dietary ingredients was not different (P > 0.05)
between dietary treatments.

3.5
3.5.1

Discussion

Effect of Treated Corn Stover on Performance, Intake, and Digestibility

The goal of this study was to evaluate the maximal amount of alfalfa haylage and
corn silage that could be replaced with treated corn stover and fed to lactating dairy cows.
These data confirm the results presented previously (CHAPTER 2) that inclusion
of treated corn stover does not impact milk production or yield of 4% ECM (Table 3.3).
Although percentage of milk fat, milk protein, and solids were influenced by inclusion of
treated corn stover there were no differences in yield of milk components. These results
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agree with others (Cameron et al., 1990; Canale et al., 1988) when alkaline treated
forages replaced other forages. When alkaline treated forages replaced a portion of the
grain in the diet, both milk yield and milk components were reduced (Cook et al., 2016a).
Therefore, with respect to yield of milk and milk components, alkaline treated forages
may serve as a better substitute for traditional forages in diets fed to mid lactation dairy
cows.
The feeding value of corn stover was improved through the pretreatment process.
We replaced all of the alfalfa haylage (HYLGsub) and 31% of the corn silage (CSsub) in
diets for lactating dairy cows. As expected, dietary NDF content (Table 3.1) was
increased with the inclusion of treated corn stover but predicted dietary NEL content
(Table 3.1) was not different among the dietary treatments. In both feeding scenarios,
inclusion of treated corn stover reduced DMI (Table 3.3) which agrees with the reports of
(Jami et al., 2014, Cook et al., 2016a, CHAPTER 2). Although, NDF content is
negatively correlated with DMI (Arelovich et al., 2008), we discovered previously the
inclusion of treated corn stover, and consequently higher dietary NDF content, could not
fully explain the reduction in DMI (CHAPTER 2). Likewise, the additional calcium
brought in with the inclusion of treated corn stover did not appear to limit DMI
(CHAPTER 2). Furthermore, DMI was improved when NaOH treated alfalfaorchardgrass hay was fed to early lactation dairy cows (Canale et al., 1988). This
suggests other dietary factors may be contributing to differences in DMI rather than the
chaotrophic agents used to disrupt the plant cell wall.
Further, there were no differences in Δ BW (Table 3.3) in the present study which
has been reported previously (Cameron et al., 1990; Jami et al., 2014; CHAPTER 2).
Thus, additional energy, from body tissue stores, was not used to maintain milk
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production for cows fed treated corn stover when DMI was reduced. The lack of
differences in Δ BW may indicate there were no differences in rumen fill. Excess dietary
NDF can often result in rumen fill and could impact voluntary feed intake (Oba and
Allen, 1999). However, our results indicate that inclusion of treated corn stover did not
result in a longer retention of feed in the rumen and suggest that the NDF of diets
containing treated corn stover may not impact DMI.
Both 4% ECM and DMI contribute to the measurement of feed efficiency.
Indications of improved efficiency were evident from previous work (CHAPTER 2) and
supported by indications of improved feed efficiency (Jami et al., 2014). In the present
study, we were able to detect improvements in feed efficiency when treated corn stover
was included in either the HYLGsub or CSsub diet (Table 3.3). Feed efficiency,
measured as ECM per unit of DMI can be improved by either increasing ECM while
maintaining DMI or through maintaining ECM production while DMI is reduced. In this
case, the latter is true. Others (Cook et al., 2016a) who also included alkaline treated corn
stover reported DMI to be reduced but feed efficiency did not improve because of the
reduced production of milk fat. Therefore, when replacing a portion of the diet, treated
corn stover may serve as a better replacement for traditional forages rather than grain in
terms of production efficiency.
Inclusion of low-quality residues like corn stover would generally be expected to
decrease diet digestibility. However, effective pretreatment strategies to hydrolyze the
plant cell wall fibers result in more fermentable sugars (Kumar et al., 2009) through
disruption of lignin and increase the availability of cellulose and hemicellulose for
degradation (Mosier et al., 2005) that may improve diet digestibility. Furthermore,
calcium hydroxide treated corn stover has an improved nutrient profile and predicted
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energy content then the untreated corn stover (CHAPTER 2). These results, combined
with the reduction of DMI with no loss in BW, led to the logical conclusion that
digestibility of the diets increased to supply required energy for synthesis of milk and
milk components. Surprisingly, our results demonstrate apparent total tract digestibility
of DM, OM, and CP (Table 3.4) were all decreased when treated corn stover replaced
corn silage in the current study. Previously, inclusion of alkaline treated feeds has
demonstrated inconsistent effects on apparent digestibility of DM, OM, and CP that were
thought to be explained by increased fluid and particulate dilution rates (Cameron et al.,
1990) or replacement of more digestible ingredients (Cook et al., 2016a). Similar to the
results of (Cameron et al., 1990) there was a tendency of fluid passage rate to increase
(Table 3.5) with the inclusion of treated corn stover in the current study. This may
indicate some nutrients such as starch and sugars were removed from the rumen more
quickly and subject to post-ruminal digestion.
Although dietary NDF content (Table 3.1) was higher when treated corn stover
was included, apparent total tract NDF digestibility was not different among dietary
treatments (Table 3.4). Alkaline treatment can also increase availability of cell wall
monosaccharides including xylose, glucose, and arabinose (Canale et al., 1991) which
likely enhances NDF digestibility. Previous work (Jami et al., 2014) indicated
improvements of hemicellulose digestibility and a tendency for cellulose digestibility to
be increased with NaOH treatment of corn straw. In our study, digestible NDF intake was
not different among dietary treatments (Table 3.4). Taken together, these results suggest
calcium hydroxide is an acceptable alkaline pretreatment strategy to improve the NDF
digestibility of low quality residues like corn stover. Furthermore, the lack of differences
in apparent total tract NDF digestibility indicates the NDF digestibility of treated corn
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stover is similar to digestibility of NDF in alfalfa haylage and corn silage fed in the
control diet.
3.5.2

Ruminal Passage Rate and Fermentation Characteristics

Altering rumen passage rate has been suggested as a method to shift site of starch
digestion to the small intestine (Owens et al., 1986). Altering site of starch digestion to
the small intestine has been shown to improve feed efficiency (Harmon and McLeod,
2001). Furthermore, ruminally digested starch has been estimated to be only 73%
energetically efficient as starch digested in the small intestine and can increase the use of
glucose utilization of portal-drained-viscera tissues (Harmon and McLeod, 2001;
Richards, 1999). In the current study, solid passage rate was not different but the
tendency for increased liquid passage rate (Table 3.5) likely influenced the decrease in
DM digestibility and may have carried more soluble nutrients of the diet to the small
intestine for digestion. As the applied chemical pretreatment solubilizes the hemicellulose
fraction (Klofenstein and Owen, 1981) and can increase the availability of cell wall
monosaccharides, including glucose, (Canale et al., 1991), the improvements in feed
efficiency may be explained by a shift in site of starch digestion.
Ruminal pH (Table 3.5) was not significantly influenced by the inclusion of
treated corn stover agreeing with the findings of some (Cameron et al., 1991; Cook et al.,
2016a) whereas others reported ruminal pH to be increased (Cameron et al., 1990; Dias et
al., 2012; Jami et al., 2014). A ruminal pH greater than 6.2 supports growth of cellulytic
bacteria and therefore can impact cellulose degradability (Mould and Ørskov, 1983;
Russell and Wilson, 1996). The numerical trend of improved ruminal pH with inclusion
of treated corn stover may not be significant but could indicate that fewer hours of the
day were spent below 6.2 pH level. Calcium hydroxide acts like an alkalizing agent and
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tends to limit the severity of drop in rumen pH post-feeding similar to known rumen
alkalizer, magnesium hydroxide (Boukila et al., 1995). Furthermore, the addition of
calcium oxide directly to the diet has been successful in limiting the swings in ruminal
pH post-feeding and maintaining a ruminal pH above 6.2 for more than 20 h a day
(Nuñez et al., 2014). Furthermore, the TMR pH (Table 3.6) was influenced by the
inclusion of treated corn stover and may support growth of cellulytic bacteria, impacting
ruminal fermentation.
Total concentration of VFA (Table 3.5) was not different among the dietary
treatments, supporting the rumen pH results and agrees with the results of others
(Cameron et al., 1990; Canale et al., 1988). Molar percentage of acetate (Table 3.5)
increased with the inclusion of treated corn stover, indicating increased fiber digestion.
Propionate concentration decreased (Table 3.5) when treated corn stover replaced corn
silage in the CSsub, further supporting increased digestion of fiber and perhaps,
decreased starch digestion. Likewise, the acetate:propionate ratio (Table 3.5) showed
numerical improvements with inclusion of treated corn stover and was significantly
increased in the CSsub diet which have been reported previously (Cameron et al., 1990;
Cameron et al., 1991).
Ruminal ammonia N concentrations followed a similar decreasing pattern and
were significantly reduced (P < 0.05) when treated corn stover replaced corn silage
(Table 3.5). These results are supported by others (Cameron et al, 1990; Cameron et al.,
1991). Rumen bacteria require N for growth (Bryant and Robinson, 1962) and it has been
suggested that a rumen concentration of 5 mg NH3-N/dL is sufficient for maximum
growth (Satter and Slyter, 1974). Therefore, although reduced, the ruminal ammonia
concentrations appear to not be limiting in the current study.
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3.5.3

Nitrogen Utilization and Efficiency

The inclusion of treated corn stover decreased total N intake and is in contrast to
the results of others (Canale et al., 1988). However, this response is most likely due to the
reduced DMI. Urine output and urine N were reduced with inclusion of treated corn
stover and supplied more N to be available for milk protein synthesis. This resulted in an
improvement in N efficiency as more N was used for milk per unit of N intake. Canale et
al. (1988) did not find differences in N partitioning but in the current study our results
may need further explanation of post-ruminal digestion of nutrients.
3.5.4

Ruminal Digestibility – In Situ

We compared the in situ rumen digestibility of diet ingredients; alfalfa haylage,
corn silage, and treated corn stover in each of the base diets; CON, HYLGsub, and
CSsub. Overall, the digestibility of diet ingredients was not affected by the base diet (P >
0.05; Figure 3.1). While corn silage (Figure 3.1a) and treated corn stover (Figure 3.1c)
appeared to have a single pool degradation for all treatment combinations, alfalfa haylage
(Figure 3.1b) digestion in the CON diet was rapid up to 24 h and then plateaued. The
digestion of treated corn stover in the HYLGsub and CSsub diets seemed to illustrate
constant degradation over the course of 96 h. These findings suggest that inclusion of
treated corn stover in diets may improve the digestibility of other forages in the diet.
Rumen pH can influence the growth of cellulytic bacteria and therefore fiber digestion
(Russell and Wilson, 1996; Dijkstra et al., 2012). Consequently, the constant
improvements in digestibility of alfalfa haylage may related to the tendency of higher
ruminal pH with the inclusion of treated corn stover. However, the rate of degradation
does not appear to be influenced by the inclusion of treated corn stover and was not
different (P > 0.05) between dietary treatments. The degradation rate of corn silage
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ranged from 3.0 to 5.0%/h, 4.0 to 10%/h for alfalfa haylage, and 3.0 to 4.0%/h for treated
corn stover.
3.5.5

Diet pH and Eating Behavior

The pH of the TMR was higher (P < 0.05) when cows were fed calcium
hydroxide treated corn stover and may have impacted the effect of diet on ruminal pH.
Under the current study there did not appear to be an issue with selective consumption of
particles of differing length. However, combining the lower CP profile of the orts
containing corn stover, there may have been slight selective consumption of protein feeds
that were not detected with the PSPS technique. The additional consumption of CP may
have aided in fiber digestibility as discussed previously and by others (Köster et al., 1996;
Nousiainen et al., 2009). Overall, it appears that calcium hydroxide treated corn stover
inclusion did not influence the eating behavior of lactating dairy cows as there were no
differences in particle length between the dietary treatments.

3.6

Conclusions

Together these data further support our previous findings that treated corn stover
can serve as a replacement for a portion of the diet for lactating dairy cows in place of
alfalfa haylage or corn silage when paired with distillers grains. Furthermore, cows fed
treated corn stover reduced intake but maintained 4% ECM, improving feed efficiency.
This response is in part due to the enhanced diet digestibility when treated corn stover
was included that may improve the digestibility of other diet ingredients such as alfalfa
haylage. We also anticipate these improvements in feed efficiency may be related to an
increased supply of nutrients subjected to small intestine digestion and utilization as
ruminal fermentation and digestibility data indicate few or no differences. Further
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research into examining how alkaline treated forages impact diet digestibility and
improve feed efficiency may help in identifying feeding strategies to maximize food
production with underutilized feed resources like corn stover.
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Table 3.1. Ingredient and chemical composition of diets.
Treatment1
HYLGsub

Item2
CON
CSsub
Ingredients
Corn silage
36.00
36.03
11.18
Ca(OH)2 treated corn
15.21
19.33
stover
Alfalfa haylage
16.92
18.33
Corn distillers grain wet
7.61
7.57
High moisture corn
16.92
13.39
18.83
Soybean meal
14.58
13.45
11.46
Enertia fat supplement
0.50
0.30
0.48
Double S molasses dairy
2.40
2.40
2.39
Soybean hulls
2.60
2.60
2.59
Ground corn
4.44
4.44
4.42
Urea
0.45
0.56
0.38
Calcium carbonate
2.70
1.50
0.76
Sodium bicarbonate
0.65
0.65
0.65
Magnesium oxide
0.20
0.20
0.20
Monosodium phosphate
0.50
0.50
0.50
Salt
0.40
0.40
0.40
Calcium sulfate
0.20
0.20
0.00
TM
Diamond V XP
0.26
0.26
0.26
Vitamin E 44,053 IU/kg
0.02
0.02
0.02
RumensinTM 90
0.01
0.01
0.01
®
OmniGen-AF
0.13
0.13
0.13
PU5390 premix3
0.12
0.12
0.12
4
Chemical analysis
CP
16.8 ± 1.2
16.9 ± 0.7
16.6 ± 0.7
aNDF
23.2 ± 1.2a
29.4 ± 0.9b
32.6 ± 1.6b
ADF
16.1 ± 0.9a
19.5 ± 1.4ab
22.4 ± 1.7b
Lignin
2.97 ± 0.2
2.96 ± 0.4
2.99 ± 0.5
Ash
9.58 ± 0.6
9.60 ± 0.4
9.94 ± 1.1
5
NEL, Mcal/kg
1.64 ± 0.03
1.57 ± 0.03
1.53 ± 0.04
NFC
48.4 ± 1.5a
43.2 ± 0.5ab
40.5 ± 1.6b
Ca
1.89 ± 0.1
2.04 ± 0.2
2.29 ± 0.3
P
0.49 ± 0.01
0.45 ± 0.03
0.47 ± 0.05
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19%
treated corn stover.
2
% DM unless noted otherwise.
3
Contains 5.56% CP, 65.2% ash, 4.75% Ca, 0.05% P, 0.03% Mg, 0.06% K, 0.69 % Na,
6.28% S, 452 mg/kg Co, 12461 mg/kg Cu, 451 mg/kg I, 102 mg/kg Fe, 46297 mg/kg Mg,
56403 mg/kg Zn, 5705 kIU/kg Vit A, 1801 kIU/kg Vit D, 30,734 IU/kg Vit E.
4
Means and standard deviations for 3 independent samples.
5
Calculated (Weiss, 1993).
a,b
Means within a row with different superscripts differ P < 0.05.
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Table 3.2. Effect of Ca(OH)2 treatment on chemical composition of untreated and treated
corn stover.
Corn Stover1
Untreated
Ca(OH)2 treated and
2
Item
stored
CP
5.1 ± 0.3
5.0 ± 0.2
Adjusted CP
5.1 ± 0.3
5.0 ± 0.2
Soluble Protein
42 ± 3
35 ± 8
Crude fat
0.7 ± 0.1
0.6 ± 0.1
ADF
54.3 ± 2.2a
46.9 ± 0.8b
aNDF
83.3 ± 1.1a
59.3 ± 3.2b
Lignin
7.7 ± 0.9
6.1 ± 0.6
Starch
0.5 ± 0.3
0.4 ± 0.1
a
NFC
5.2 ± 1.1
17.3 ± 3.1b
a
Ash
5.63 ± 1.07
17.85 ± 1.0b
NEL, Mcal/kg
0.35 ± 0.07a
0.90 ± 0.04b
a
Ca
0.30 ± 0.05
5.12 ± 0.34b
P
0.06 ± 0.01
0.07 ± 0.01
Mg
0.19 ± 0.05
0.21 ± 0.02
K
1.07 ± 0.08
1.05 ± 0.02
Na
0.006 ± 0.003
0.006 ± 0.003
S,
0.06 ± 0.01
0.13 ± 0.01
Fe, mg/kg
374 ± 215
720 ± 171
Zn, mg/kg
12 ± 4
15 ± 3
Cu, mg/kg
5±0
6±1
Mn, mg/kg
21 ± 7
33 ± 5
Mo, mg/kg
0.43± 0.06
0.55± 0.07
1
Mean values and standard deviation of 3 independent samples of each feed.
2
DM basis unless noted otherwise.
a,b
Means differ from untreated corn stover (P < 0.05).
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Table 3.3. Dry matter intake, milk yield, milk composition, efficiency, apparent total
tract digestibility, and change in body weight of lactating Holstein cows during the last
week of each period when fed a CON, HYLGsub, or CSsub diet.
Treatment1
P value
SEM
Item
CON
HYLGsub
CSsub
Trt2
DMI, kg/d3
24.5a
21.8b
20.6b
1.0
< 0.05
Water intake, kg
135.7
132.2
130.2
14.8
0.70
Milk, kg/d
27.9
28.3
27.9
0.95
0.77
Milkfat, kg/d
1.09
1.03
1.02
0.05
0.09
Protein, kg/d
0.91
0.89
0.87
0.05
0.32
Lactose, kg/d
1.35
1.37
1.35
0.05
0.72
Solids, kg/d
3.60
3.55
3.49
0.14
0.44
a
b
ab
Fat, %
3.92
3.66
3.69
0.2
< 0.05
a
ab
b
Protein, %
3.27
3.16
3.11
0.1
< 0.05
Lactose, %
4.84
4.86
4.86
0.0
0.66
a
b
b
Solids, %
12.9
12.6
12.5
0.2
< 0.05
SCC
38.3
46.0
45.2
13.3
0.34
a
ab
b
MUN
16.4
15.5
14.8
0.5
< 0.05
ECM
27.5
26.8
26.5
1.1
0.29
Efficiency4
1.12a
1.26b
1.30b
0.1
< 0.05
ΔBW, kg5
8.77
3.73
-2.5
4.27
0.24
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19%
treated corn stover.
2
Treatment.
3
Dry matter intake (DMI).
4
ECM / DMI.
5
Change in body weight.
a,b
Means within a row with different superscripts differ P < 0.05.
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Table 3.4. Nutrient intake and apparent digestibility of cows fed a CON, HYLGsub, or
CSsub diet.
Treatment1
HYLGsub

P value
Item
CON
CSsub
SEM
Trt2
Intake, kg/d
DM
24.5a
21.8b
20.6b
1.0
< 0.05
a
b
b
OM
22.6
20.0
19.2
0.90
< 0.05
OM-NDF
16.9a
13.7b
12.8b
0.66
< 0.05
a
b
b
CP
4.5
3.7
3.5
0.21
< 0.05
NDF
5.7
6.4
6.4
0.28
0.09
a
b
b
OM-NDF-CP
12.8
10.0
9.3
0.45
< 0.05
Apparent digestibility, %
DM
70.8a
67.9a
62.9b
1.1
< 0.05
OM
73.0a
70.3ab
66.5b
1.1
< 0.05
OM-NDF
89.0a
84.2ab
80.9b
1.9
< 0.05
a
a
b
CP
74.2
71.7
67.3
1.1
< 0.05
NDF
32.4
40.5
37.8
5.7
0.57
OM-NDF-CP
93.7
88.7
85.9
2.7
0.17
Digestible nutrient
intake, kg/d
DM
17.3a
14.9b
12.9b
0.71
< 0.05
a
b
b
OM
16.5
14.2
12.7
0.66
< 0.05
OM-NDF
15.1a
11.6b
10.4b
0.66
< 0.05
a
b
b
CP
3.08
2.64
2.33
0.17
< 0.05
NDF
1.89
2.35
2.61
0.36
0.32
OM-NDF-CP
12.0a
8.9b
8.0b
0.55
< 0.05
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19%
treated corn stover.
2
Treatment.
a,b
Means within a row with different superscripts differ P < 0.05.

Table 3.5. Effects of treated corn stover inclusion of rumen pH, rumen ammonia and VFA concentrations, rumen volume, passage rate and
apparent digestibility.
Item
Ruminal pH
Ruminal NH3-N, mg/dL
Total VFA, mM
VFA, mol/100 mol
Acetate
Propionate
Butyrate
Valerate
Isobutyrate
Isovalerate
Acetate:propionate

CON
6.31
16.8a
128.4

Treatment1
HYLGsub
6.34
14.0ab
131.9

CSsub
6.48
12.7b
133.1

SEM
0.09
1.0
5.4

Trt2
0.09
< 0.05
0.57

P value
H
< 0.05
< 0.05
< 0.05

Trt*h
0.44
0.94
0.12

65.8a
18.4a
11.1a
1.6a
1.0a
2.1a
3.6a

67.4b
18.2ab
10.4b
1.4b
0.9b
1.8b
3.7ab

67.9b
17.5b
10.8ab
1.4b
0.9b
1.6c
3.9b

0.7
0.5
0.2
0.1
0.0
0.1
0.1

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

0.38
0.80
0.06
0.62
0.28
0.36
0.70

-

-

Total rumen contents, kg
85.7
80.3
85.4
3.7
0.36
a
b
a
Solids, kg
42.5
36.2
43.5
2.1
0.01
Liquid, kg
36.9
37.5
34.4
2.6
0.59
ab
a
b
Solids, %
49.7
45.2
51.1
2.0
0.04
Liquid, %
42.7ab
46.5a
40.2b
2.0
0.05
Solid passage, %/h
3.57
3.68
3.40
0.37
0.87
Liquid passage, %/h
10.21
13.01
15.82
1.71
0.09
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19% treated corn stover.
2
Treatment.
a,b
Means within a row with different superscripts differ P < 0.05.
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Table 3.6. Diet pH, particle size distribution of CON, HYLGsub, and CSsub diets, effect
of corn stover on sorting (%) of long, medium, short, and fine particles at 24 h post
feeding, and chemical composition of orts.
Treatment1
HYLGsub
6.48b

P value
Item, %
CON
CSsub
SEM
Trt2
TMR pH
5.07a
7.38c
0.08
< 0.05
Particle distribution
>19 mm
2.89
4.28
7.01
1.21
0.16
<19 mm, >8 mm
46.2
38.6
39.9
2.22
0.14
<8 mm, >1.18 mm
37.3
39..1
37.6
1.21
0.57
<1.8 mm
12.7x
17.0y
14.5xy
1.0
0.10
3
Sorting behavior
>19 mm
168.7
336.9
223.5
70
0.23
<19 mm, >8 mm
104.5
88.9
97.3
5.6
0.14
<8 mm, >1.18 mm
96.5
102.0
92.5
4.7
0.37
<1.8 mm
90.5
84.1
76.1
9.7
0.57
4
Chemical analysis
CP
17.5
15.9
15.9
0.42
< 0.05
a
b
b
aNDF
24.0
28.5
32.1
0.64
< 0.05
ADF
16.9a
19.4b
24.1c
0.56
< 0.05
a
a
b
Ash
9.11
9.43
10.09
0.17
< 0.05
NEL, Mcal/kg
1.68a
1.60b
1.55c
0.01
< 0.05
a
b
c
NFC
49.4
46.2
41.9
0.44
< 0.05
Ca
1.83a
2.01b
2.07b
0.04
< 0.05
P
0.45a
0.41b
0.41b
0.01
< 0.05
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19%
treated corn stover.
2
Treatment.
3
Values >100% equated to selective consumption and values <100% equated to selective
refusal.
4
Chemical analysis of orts composited from d 14 – 21 of each period.
a,b,c
Means within a row with different superscripts differ P < 0.05.
x,y
Means within a row with different superscripts tended to differ 0.05 ≤ P ≤ 0.10.
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Table 3.7. Effect of treated corn stover inclusion on nitrogen intake, fecal and urine
output and nitrogen excretion, and nitrogen balance.
2

Treatment1
HYLGsub
584.6b
6.9
1.05

P value
Trt3
< 0.05
0.13
0.05

Item
CON
CSsub
SEM
Total N4 intake
662.4a
554.4b
33.7
Fecal output, kg
7.2
7.7
0.43
Fecal Ash, kg
1.06
1.21
0.07
Ash corrected fecal
output, kg
6.14
5.88
6.48
0.37
0.18
Fecal DM, %
17.3
16.4
17.2
0.5
0.11
Fecal N
170.8
163.7
181.6
10.4
0.08
Fecal N, %
2.37
2.37
2.37
0.03
0.99
Fecal NDF, kg
4.3
3.8
4.0
0.5
0.61
a
b
c
Urine output, kg
27.1
18.6
21.4
0.9
< 0.05
Urine N
253.5a
184.7b
203.6b
10.8
< 0.05
Milk N
147.2
144.0
139.9
6.6
0.29
a
a
b
N balance
90.8
86.0
29.3
22.3
< 0.05
N efficiency5
0.23a
0.25b
0.26b
0.01
< 0.05
1
CON = 0% treated corn stover, HYLGsub = 15% treated corn stover, and CSsub = 19%
treated corn stover.
2
g/d unless noted otherwise.
3
Treatment.
4
Nitrogen.
5
g milk N/g N intake.
a,b,c
Means within a row with different superscripts differ P < 0.05.
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Figure 3.1. Rumen digestibility of alfalfa haylage, corn silage, and corn stover when
incubated in nylon bags in the rumen of dairy cows fed either CON (solid white fill),
HYLGsub, (bold diagonal stripes) or CSsub diets (thin diagonal stripes). Panel A
represents the mean rumen in situ digestibility of corn silage for each treatment up to 96
h. Panel B represents the mean rumen in situ digestibility of alfalfa haylage for each
treatment up to 96 h. Panel C represents the mean rumen in situ digestibility of treated
corn stover for each treatment up to 96 h.
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Figure 3.2. Rumen digestibility of soybean meal and distillers grains when incubated in
nylon bags in the rumen of dairy cows fed either CON (solid white fill), HYLGsub, (bold
diagonal stripes) or CSsub diets (thin diagonal stripes). Panel A represents the mean
rumen in situ digestibility of soybean meal for each treatment at 16 h. Panel B represents
the mean rumen in situ digestibility of distillers grains for each treatment at 16 h.
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CHAPTER 4.
THE EFFECTS OF PARTIAL FORAGE
REPLACEMENT WITH ALKALINE TREATED AND
PELLETED CORN STOVER ON PERFORMANCE,
DIGESTIBILITY, AND RUMINAL MEASURES OF LACTATING
HOLSTEIN COWS.

4.1

Abstract

Chemical treatment of corn stover with 6.6% Ca(OH)2 disrupts the lignin barrier of
the plant cell walls and improves the feeding value of this abundant crop residue. The use
of treated corn stover may be limited relative to source of production because of low bulk
density characteristics. However, pelleting can improve bulk density, potentially making
use of treated corn stover more widespread. Thus, in this study treated corn stover was
fed as part of a pelleted feed supplement that is similar in nutrient profile to corn gluten
feed, a common byproduct feed used in US dairy and beef operations. The objectives of
this study were to evaluate the effects of feeding a fortified, treated corn stover pellet on
production, digestibility, feeding behavior, and ruminal fermentation measures. Eight
mid-lactation multiparous Holstein cows were used in a replicated 4 x 4 Latin square
consisting of four 21 d periods to evaluate the effects of feeding pelleted treated corn
stover (PTCS) on milk production, milk composition, and nutrient digestibilities. Diets
were: a control (CON) containing corn silage and alfalfa haylage as the primary forages,
or the partial replacement of alfalfa haylage and corn silage with 21 (21PTCS) or 40%
(40PTCS) of the diet DM with PTCS, or a combination of all ingredients used to
manufacture PTCS that were not pelleted and fed at 40% (40NPTCS) of the diet DM.
Compared to the CON, dry matter intake was reduced with feeding of 40PTCS and
40NPTCS diets but was not different in the 21PTCS diet. Milk production and 4% energy
corrected milk did not differ among the dietary treatments. Milk fat percentage was
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reduced with the inclusion of PTCS however, milk fat yield was only reduced when cows
were fed the 40PTCS diet. Digestibility of DM and OM, determined by total collection of
urine and feces, were reduced when cows were fed 21PTCS, 40PTCS, or 40NPTCS
while CP digestibility was not different and NDF digestibility was reduced with feeding
of 40PTCS. The inclusion of PTCS in the 21PTCS and 40PTCS diets resulted in
decreased acetate and increased propionate concentration and reduced acetate:propionate
ratio. Solid passage rate was not different among dietary treatments while liquid passage
rate tended to be increased when cows were fed the 40NPTCS diet. Rumen digestibility
of diet ingredients were not different among dietary treatments. These data for PTCS
inclusion as a partial replacement of alfalfa haylage and corn silage provide insight on
level of inclusion of pelleted forage replacements and suggest up to 21% of the diet DM
could be replaced with PTCS without severe production, milk and milk fat, losses.

Keywords: pelleted corn stover, milk fat, alternative forage

4.2

Introduction

Availability of corn stover that can be sustainably removed in cropping systems in
the United States is estimated to be 58.3 million dry tonnes (Graham et al., 2007). More
recent estimates of corn residue exceed 250 million tonnes in the U.S. (Watson et al.,
2015) with 30 – 60% of corn stover available for removal without compromising future
crop production (Wilhelm et al., 2007). There is great potential for corn stover as a
resource for livestock feed or production of cellulosic ethanol if fermentable sugars can
be made available through enzymatic saccharification (Donkin et al., 2013). Calcium
hydroxide pretreatment has been successful in improving the energy content of corn
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stover (CHAPTER 2). Furthermore, inclusion of treated corn stover in lactating dairy
cow diets in place of traditional forages has been shown to enhance diet digestibility and
improve feed efficiency (CHAPTER 3). Therefore, calcium hydroxide treated corn stover
represents a potentially readily-available source of fermentable energy that can be
included in lactating dairy cow rations and captured for use in food production however
the low bulk density of corn stover may create limitations for widespread use.
Pelleting corn stover can increase distribution and accessibility of the abundant
fermentable energy source past regions in close proximity to corn crop residues by
improving the bulk density. Beyond improving handling and transportation, nutritional
benefits may be realized with pelleting technology. Improvements in digestibility, as a
result of alkaline treatment, may be further improved through the particle size reduction
and pelleting process. Peterson (2014) discovered a 6% improvement in G:F as a result of
feeding calcium hydroxide treated and pelleted corn stover while only a 1% improvement
was discovered when unpelleted calcium oxide treated corn stover was fed. These
improvements may be related to the decreased particle size or heating during the pelleting
process (Klopfenstein, 1978). Taken together, pelleting of treated corn stover reduces
limitations around transportation and when included in diets fed to lactating dairy cows
may provide further improvements in feed efficiency.
Conversely, ruminal fermentation and utilization, animal metabolism, and milk fat
synthesis may be influenced by alterations of fiber physical characteristics regardless of
diet NDF content (Mertens, 1997). Pelleting forage diets has been shown to reduce
digestibility, reduce milk fat, and decrease the acetate:propionate ratio (Shaver et al.,
1986). Milk fat depression typically results from a high dietary starch and low fiber diet
or lack of effective fiber. Inclusion of readily digestible NDF by-product pellets
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improved milk fat percent when replacing starchy pelleted feed (Miron et al., 2004). This
suggests pellets containing readily digestible NDF may not have as large of an impact on
milk fat synthesis but will depend on the feeds that are replaced in the diet. Other feeding
strategies include feeding byproducts such as corn gluten feed to provide a source of
protein, energy, and NDF to help optimize rumen fermentation (Ohajuruka and
Palmquist, 1989). Thus, improved NDF digestibility of treated corn stover (CHAPTER 2)
included in the PTCS may provide a source of effective fiber and may not result in
depression of milk fat.
As benefits of corn stover inclusion for traditional forages in diets for lactating
dairy cows have been realized more recently (CHAPTER 3), increasing availability of
treated corn stover through pelleting technology may allow for greater widespread use.
To our knowledge calcium hydroxide treated stover, fed in a fortified pellet form (PTCS),
has not been evaluated for lactating dairy cows. We hypothesized PTCS could replace a
portion of the traditional forages while improving the efficiency of feed converted to
milk. Therefore, our objective was to evaluate the effects of feeding a fortified corn
stover pellet, PTCS, on dry matter intake, milk production, milk composition, total tract
digestibility, rumen fermentation parameters, and rumen digestibility. Furthermore, the
effect of physical form of the PTCS ingredients were evaluated by comparing PTCS
ingredients fed in pellet or non-pellet form.

4.3
4.3.1

Materials and Methods

Manufacturing of Fortified Stover Pellet

Treated corn stover was combined with dried distillers grains, hominy feed, wheat
midds, and biuret 246 and manufactured at Rhea Cattle Co. (Arlington, NE). The
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manufactured PTCS had a similar nutrient profile to corn gluten feed. Ingredients were
loaded into a Roto-Mix 533-16 Hay Pro Feed Mixer (ROTO-MIX LLC, Dodge City,
Kansas). The corn stover was treated with calcium hydroxide at 6.2% and water and
formulated to have 80% DM. Ingredients were mixed for 15 min before entering the
pelleting system. The pellet system mill (Sprout Waldron Andritz 501HACE Wide Pellet
Mill) operated at 152.1 metric hp and had a 9.53 mm die. The pellets had a durability
index of 89.3% and bulk density of 549.4 kg/m3.
4.3.2

Animal Care and Experimental Design

All animal handling and care was approved by the Purdue University Animal
Care and Use Committee. Eight mid-lactation multiparous Holstein cows were selected
from the Purdue Dairy Research and Education Center herd and fitted with 10-cm rumen
cannulas (Bar Diamond, Parma, ID). Cows averaged 143.3 ± 14.3 (mean ± SD) DIM,
weighed 623.0 ± 30.0 kg, were producing 32.7 ± 3.5 kg/d of milk, and had a BCS of 2.95
± 0.22 at the initiation of the experiment. Cows were stratified by parity and milk
production and randomly assigned to one of the two squares. There were four 21 d
periods for each square. The first 13 d were used for acclimation to dietary treatment and
the last 8 d were used for sample collection. Cows were housed in individual tie stalls
except the last 4 d of each period where they were moved and housed in individual
metabolism stalls for total collection of urine and feces. At the end of the fourth period,
cows remained on their respective treatments to determine in situ digestibility.
Diets were formulated (Table 4.1) to meet or exceed nutrient requirements for
cows producing 31.8 kg/d of milk, 3.8% milk fat, and 3.00% true protein (NRC, 2001).
Diets were mixed and delivered once daily to achieve approximately 10% daily feed
refusals. All cows had free access to water. Daily individual water intake was recorded
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during d 18 to 21 of each period when cows were housed in individual metabolism stalls.
Cows received either a control TMR (CON) containing corn silage and alfalfa haylage as
the primary forages, or the partial replacement of these forages with: 21 (21PTCS) or
40% (40PTCS) of the diet DM with the corn stover pellet or a combination of all
ingredients used to manufacture the corn stover pellet that were not pelleted and fed at
40% (40NPTCS) of the diet DM.
Diets were mixed fresh daily and delivered at approximately 0800 h as a TMR.
Feed intake was determined daily by the difference of feed offered and refused. Dietary
ingredients and samples of TMR were collected weekly and dried at 60°C in a convection
oven for 72 h to adjust diets on an as-fed basis and determine daily DMI, respectively.
Statistical analysis evaluated daily DMI data from d 14 to 21 of each period. Each period,
samples of TMR were collected, subsampled to determine diet pH (Shaver et al., 1984)
and analyzed by Cumberland Valley Analytical services using wet chemistry to
determine chemical composition of the diets. Samples of orts were collected daily from d
14 to 21 of each period, dried at 60°C for 72 h, ground to pass through a 2 mm screen,
composited by treatment for each period, and sent to Cumberland Valley Analytical
Services for analysis by wet chemistry to determine chemical composition of the orts.
At the beginning of each period and upon completion of the fourth period, cows
were scored for body condition using a 5-point body condition scoring system (Ferguson
et al., 1994) by two individuals and values were averaged. Additionally, body weight
(BW) was recorded weekly. The difference of initial and ending values of each period
was used to determine change in BCS (Δ BCS) and change in BW (Δ BW) during each
period.
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Feed sorting behavior was determined at 24 h relative to feed delivery on d 17 of
each period. A 0.5 kg subsample of unsorted TMR was obtained at feeding (0 h) on d 17.
A 0.5 kg sample of orts was obtained at 8 and 24 h relative to feeding. The Penn State
Particle Separator (PSPS, Nasco, Fort Atkinson, WI) was used to immediately size
separate the samples through 19-, 8-, and 1.18-mm screens, previously described
(Lammers et al., 1996; Kononoff et al., 2003). Evaluation of sorting behavior was
performed by the calculating the sorting index for particles retained on each sieve of the
PSPS by expressed the as-fed intake of each PSPS fraction relative to initial distribution
(Leonardi and Armentano, 2003).
4.3.3

Flow Marker Preparation and Dosing

Wheat straw was marked with Yb3Cl-6H2O (Yb) to determine solid rumen
passage rates as described previously (Lykos et al., 1997). Wheat straw (10 kg of wet
material) was chopped to target 5 cm theoretical chop length, soaked, and stirred 8 h
intervals in 90 L of tap water for 24 h. Once soaked, wheat straw was rinsed, filtered
through two layers of cheesecloth, and dried at 60°C for 48 h. Three kg of dry wheat
straw was soaked in 40 L of tap water with 150 g of dissolved Yb3Cl-6H2O for 48 h and
stirred at 8 h intervals. Wheat straw was then rinsed and filtered as previously and soaked
for 2 h in 40 L of tap water at pH 5.0 adjusted with HCl. The wheat straw was rinsed and
filtered a final time and dried for 48 h at 60°C. To determine liquid passage rates, CoEDTA was prepared as described (Udén et al., 1980). The dried Co-EDTA crystals were
dissolved into water. Each Co-EDTA dose contained 10 g of Co-EDTA in 200 ml water.
Prior to feeding, all cows received 250 g Yb-marked wheat straw and 10 g Co-EDTA
dosed through the rumen cannula on d 14 of each period. Immediately after cows were
dosed with Yb and Co, rumen contents were mixed by hand.
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4.3.4

Rumen Sampling and Processing

Rumen digesta were collected on d 14 to 17 of each period from the dorsal,
ventral, and caudal areas of the rumen. A sample was taken immediately after dosing to
represent the 0 h sample. Subsequent samples were collected at 2, 4, 8, 12, 24, 48, and 72
h relative to dosing with Yb and Co markers. Collected digesta were hand mixed before
filtering through four layers of cheesecloth. Approximately 200 g of rumen solids and
150 ml of filtered rumen fluid were retained for Yb and Co determination, respectively.
Rumen liquid taken at 0, 2, 4, 8, 12, and 24 h was used to determine pH immediately
after filtering using IQ Scientific Instruments (IQ 240) pH meter (Carlsbad, CA). Another
aliquot, 25 ml of rumen liquid, was combined with 5 ml of 25% metaphosphoric acid for
VFA (Otterstein and Bartley, 1971; Casper et al., 1987) and NH3 (Broderick and Kang,
1980) analysis for each hour (0 to 24 h). For Co analysis, another 50ml aliquot was
collected for all collected rumen liquid samples (0 to 72 h). All samples were frozen
immediately and stored at -20°C until analysis.

4.3.5

Rumen Sample Analysis

To prepare rumen solid samples for Yb anlayis, samples were thawed, dried at
60°C, ground to pass through a 2-mm screen, and digested using a wet ashing procedure
(Campbell and Plank, 1992), and analyzed for Yb concentration using ICP-MS. Briefly, a
0.25 g sample of the rumen solid fraction was combined with 2 ml nitric acid overnight
before being digested at 100°C for approximately 4 h. For Co analysis, rumen liquid
samples were thawed, subjected to wet ashing (Campbell and Plank, 1992), and analyzed
for Co concentration using ICP-MS. Briefly, 1 ml rumen fluid was combined with 5 ml
of nitric acid and digested at 100°C for 4 h. Once digested samples were clear, each
sample was transferred and the digestion tube rinsed 3x combining sample and rinsate to
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a centrifuge tube before dilution to 25 ml with nanopure water. Then, 2 ml of the digested
sample were combined with 8 ml of nanopure water and analyzed for either Co and Yb at
each collected hour using inductively coupled plasma mass spectrometry (ICP-MS.
Perkin Elmer Sciex ELAN DRC-e ICP-MS) that was fitted with an autosampler (Perkin
Elmer AS-93plus). Standard curves were made using appropriate dilutions of Co 1,000
µg/ml standard solution (88060, Alfa Aesar, Tewksbury, MA) and Yb 1,000 µg/ml
standard solution (89890, Alfa Aesar, Tewksbury, MA) for Co and Yb, respectively.
For NH3 and VFA preparation, rumen liquid samples were thawed and
centrifuged at 475 x g. The phenol-hypochlorite assay was used to determine rumen NH3
and working standards were made using appropriate dilutions of the ammonium sulfate
100 mM ammonia stock solution. Supernatant was used to determine concentrations of
rumen ammonia using a microplate reader (model MRX Revelation, Dynex
Technologies, Chantilly, VA) with absorbance of 630 nm. For VFA analysis, 3 ml of the
supernatant was filtered through a 0.45-micron filter and 1.5 ml was combined with 100
ul of 2-ethyl butyric acid and analyzed for VFA concentration by gas chromatography
(model 7890A Agilent Technologies, Santa Clara, CA) using a Nukol capillary column
(30 m in length, 0.25 mm ID, 25 µ phase, Supelco, Inc., Bellefonte, PA). The oven
temperature program was 90ºC to 150ºC at 10ºC/min, using helium carrier gas
maintained at 80 psi. The injector port was set at 270ºC and split injections were made at
a 30:1 split ratio. The flame ionization detector conditions were as follows: temperature
300ºC, air 400 mL/min, and H2 at 40 mL/min with makeup helium flow of 26 mL/min.
The VFA standard contained 100 µL of standard WSFA-2 (Sigma-Aldrich, St. Louis,
MO) and 25 µL machine internal standard (MIS) solution. The MIS contained 25%
(wt/vol) meta-phosphoric acid with 2-ethylbutyric acid (109959-1L, Sigma-Aldrich, St.
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Louis, MO) added to give a final concentration of 3 to 4 mM in the standard and samples.
Concentrations of rumen VFA were determined relative to the VFA standard solution,
WSFA-2, Supelco, Sigma-Aldrich, St. Louis, MO).
Total rumen contents were removed on the last day of each period at 4 h post
feeding into a 208 L plastic bin and thoroughly mixed with a steel mortar paddle powered
by an electric drill. Total digesta weight was recorded. Approximately 2.5 kg of rumen
digesta was subsampled, weighed, and filtered through 4 layers of cheesecloth to separate
solid and liquid fractions (Harvatine ad Allen, 2006). The solid and liquid fractions were
weighed to determine the mass and percentage of each fraction relative to total rumen
contents.
4.3.6

Collection of Fecal and Urine Samples

Total collection of fecal and urine excretion were collected during d 18 through d
21 of each period. Cows were moved to individual metabolism stalls on d 18 at
approximately 0600 h and were fitted with urinary catheters (30 fr x 16” with 30cc
balloon, Jorgensen Labs, Loveland, CO) for daily collection of total fecal and urine
output. Total output of both fecal and urine were measured each morning immediately
after milking. Daily fecal output was collected into a 208 L plastic bin and thoroughly
mixed with a steel mortar paddle powered by an electric drill. A fecal subsample of
approximately 5% (by weight) was collected from each cow every day, composited by
period and cow, and stored at – 20°C until analysis. Total urine samples were collected
each day through placed catheters connected to Masterflex Tygon E-Food (B-44-4X)
tubing (Cole-Parmer, Vernon Hills, IL). Urine was deposited throughout the collection
day into a 105 L tote containing 20 ml of H2SO4. A 50ml sample was collected daily and
stored at -20°C until analysis of urinary nitrogen.

124
4.3.7

Analysis of Fecal and Urine Samples

Fecal samples were thawed, subsampled and dried at 60°C to determine DM
content, and ground using 1-mm screen. Ground fecal samples were analyzed for NDF,
ash, and nitrogen content. Neutral detergent fiber was determined using alpha-amylase
(Sigma no. A3306, Sigma Chemical Co., St. Louis, MO) with sodium sulfite adapted for
the Ankom A200 fiber analyzer (Ankom Technology, Macedon, NY). Organic matter was
determined by oven combustion at 550°C for 12 h. Nitrogen content was analyzed by
Kjeldahl (method 2001.11; AOAC, 2002; Kjeltec 2300, Foss, Eden Prairie, MN). NonNDF organic matter was calculated as the OM fraction minus the NDF fraction and nonNDF, non-CP, OM was calculated as the OM minus the NDF and CP fraction. Urinary
samples were thawed, pooled by period based on daily weighted proportion, and nitrogen
content determined by (method 2001.11; AOAC, 2002; Kjeltec 2300, Foss, Eden Prairie,
MN).
4.3.8

In Situ Ruminal Degradability

In situ disappearance of selected dietary ingredients were measured by the
standardized procedures proposed by Vanzant et al. (1998). Ingredients of PTCS were
collected, dried at 60°C for 72 h, and ground to pass through a 2-mm screen then mixed
proportionally to represent PTCS in non-pellet form (NPTCS mix). Samples of dietary
ingredients; corn silage, treated corn stover, and PTCS were collected, dried at 60°C for
72 h, and ground to pass through a 2-mm screen. A 2 g sample of either corn silage,
treated corn stover, PTCS, or NPTCS mix were weighed in duplicate into pre-weighed 5
cm x 10 cm nylon bags (Ankom Technology, Macedon, NY, 50 micron porosity, R510)
for 0, 4, 8, 12, 16, 48, and 96 h. The small, labeled bags were placed into a large, mesh
nylon bag with a 300 g weight and securely closed before being placed in the ventral
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rumen. The small, labeled bags were inserted in reverse and all bags were removed at the
same time. The 0 h bag was handled as per the post-incubation procedures and not placed
in the rumen but was used to determine amount of material removed during washout
while the 96 h allowed for examination of indigestible material. Digestibility of soybean
meal was determined using samples incubated for 16 h and the same process as described
above.
4.3.9

Statistical Analysis

Data were analyzed for normality or error variances using the PROC
UNIVARIATE procedure of SAS (v 9.4). Mean differences of dry matter intake, milk
production, milk composition, ECM, and nutrient digestibility, nutrient intake, and
digestible nutrient intake were determined for each treatment using the PROC MIXED
procedure of SAS which accounted for the effects of square, treatment, period, and cow
within square. Data for VFA and NH3 were analyzed for each period using PROC
MIXED and accounted for square, period, treatment x hour, and cow within period with
the repeated measurement of hour within period. Concentrations of Co and Yb were
analyzed first using PROC NLIN to determine rumen kinetic coefficients for each animal
and treatment combinations then resulting estimates of pool size and rate of passage were
analyzed using PROC MIXED. Data for change in BW and BCS were analyzed using the
PROC MIXED procedure of SAS and accounted for the effects of cow, treatment, and
cow within period. Particle distribution of TMR, pH of TMR, sorting behavior of TMR,
and chemical analysis of the orts were analyzed using PROC MIXED and the model
accounted for the effects of square, treatment, period, and cow within square. Intake,
excretion, and nitrogen balance data were analyzed using PROC MIXED and the model
accounted for square, treatment, period, and cow within square. The amount of dietary
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ingredients (corn silage, treated corn stover, PTCS, or NPTCS mix) degraded at 0. 4, 8,
12, 16, 48, and 96 h were analyzed using PROC MIXED. Protein degradation of soybean
meal was determined using a 16 h time point and analyzed using PROC MIXED. To
determine the fraction of the digestible fraction degraded, the 96 h indigestible amount
was subtracted from the fraction degraded at the other time points 0, 4, 8, 12, 16, and 48
h and analyzed using PROC NLIN. The PROC NLIN coefficients for each animal and
treatment combination for estimates of potentially digestible material and degradation
rate were analyzed using PROC MIXED. All means were separated to determine
differences using the TUKEY adjustment statement of SAS. Data are reported as least
square means ± SEM. Means were considered different if P < 0.05 and tended to differ
when 0.05 ≤ P ≤ 0.10.

4.4
4.4.1

Results and Discussion

Diet Analysis and Dry Matter Intake

Chemical analysis of diets is presented in Table 4.1. There were no differences (P
> 0.05) in diet CP, ADF, lignin, ash, NEL, NFC, or Ca content. Dietary NDF tended (P =
0.07) to increase in the 21PTCS, 40PTCS, and 40NPTCS diets and diet P was greater (P
< 0.05) for the 21PTCS, 40PTCS, and 40NPTCS treatment diets.
Our previous work has consistently demonstrated a reduction in DMI with the
inclusion of treated corn stover (CHAPTER 2; CHAPTER 3). In the present study, DMI
was not different (P > 0.05) for the 21PTCS but was reduced (P < 0.05) in both the
40PTCS and 40NPTCS diets when compared to the CON (Table 4.2). Although others
have reported DMI is often improved or not different with further processing and
reduction of particle size required for pelleting, forage pellets replaced the same forage in
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the diet (Heaney et al., 1963; Shaver et al., 1986; Peterson 2014). Data from our study
suggests PTCS can replace corn silage and alfalfa haylage up to 21% of the diet DM
without compromising DMI. Additionally, the reduction of DMI regardless of physical
form; 40PTCS vs. 40NPTCS, suggests that DMI is not reduced by pelleting alone but
rather an inclusion level or other diet characteristics.
Low quality forages may impact DMI through increased rumen fill (Allen, 1996).
However, pelleting has been reported to reduce this effect (Minson, 1963). Inclusion of
ingredients of PTCS alone contributed to reduction of DMI, regardless of their physical
form because 40PTCS and 40NPTCS did not differ in DMI. Thus, rumen fill is not a
likely explanation of reduced DMI. Additionally, the maximal inclusion of corn stover in
the present study (9.6% of diet DM) was less than the lowest inclusion previously
evaluated (15% of the diet DM; CHAPTER 2; CHAPTER 3). As previously presented,
both dietary calcium level and NDF content could not explain or fully explain the
reduction in DMI (CHAPTER 2; CHAPTER 3). Therefore, inclusion levels of the current
study would be expected to have even less of an impact on DMI.
4.4.2

Milk Production and Composition

Despite differences in DMI, the overall yield of milk and 4% ECM were not
different (P > 0.05) among cows fed either the CON, 21PTCS, 40PTCS, or 40NPTCS
(Table 4.2) providing further support for the results reported previously (CHAPTER 2;
CHAPTER3). Additionally, there were no differences observed among the dietary
treatments for milk protein, milk lactose, total solids content. However, percent of milk
solids and milk fat percent were reduced (P < 0.05) regardless of PTCS inclusion level
and were improved (P > 0.05) with feeding the 40NPTCS diet when compared to the
CON. Yield of milk fat was only reduced (P < 0.05) by feeding the 40PTCS diet and
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concentrations of MUN were only reduced (P < 0.05) when the 40NPTCS diet was fed
when compared to the CON. Furthermore, although there were differences in DMI
among the dietary treatments there were not differences (P > 0.05) in Δ BW or Δ BCS
(Table 4.2) indicating the production response was not the result of mobilized body
stores.
As long as the diet contains forage with adequate forage particle size, the
minimum recommendation of total dietary NDF is 25% of DM with 19% of the NDF
from forage (NRC, 2001). Likewise, diets with less than adequate forage particle size or
less than 19% NDF from forage require a greater amount of dietary NDF (NRC, 2001) as
they may lack effective NDF. Pelleting reduces forage particle size and inclusion of
pellets commonly causes a reduction of milk fat (Shaver et al., 1986) likely explained by
lack of effective NDF. In the current study, the tendency for increased NDF content was
at the expense of NDF from non-forage fiber sources. Taken together, the reduction of
milk fat in the pelleted diets was likely due to lack of effective NDF in the diet, 15.6 and
11.2% in the 21PTCS and 40PTCS diets, respectively. However, low forage, high NDF
diets have been used to maintain milk fat (Pereira et al., 1999) which may explain the
improved milk fat content when cows were fed the 40NPTCS diet that was very close to
dietary NRC recommendations.
4.4.3

Nutrient Intakes and Digestibilities

Nutrient intakes, apparent digestiblities, and digestible nutrient intakes are
presented in Table 4.3. Intake of OM and OM – NDF, which is equivalent to NFC + fat +
CP, were decreased (P < 0.05) in both the 40PTCS and 40NPTCS compared to the CON.
Intake of OM – NDF – CP, equivalent to NFC + fat was decreased (P < 0.05) in the
21PTCS, 40PTCS, and 40NPTCS diets whereas CP and NDF intake was not different (P
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> 0.05). Comparing nutrient intakes between 21PTCS and 40NPTCS, both OM – NDF
and OM – NDF – CP were decreased (P < 0.05) when fed the 40NPTCS diet but nutrient
intakes between the pelleted diets were not different (P > 0.05). Assuming fat content is
equal between dietary treatments, these results indicate that cows consuming the
40NPTCS diet ate less NFC than 21PTCS or CON fed cows.
Apparent digestiblities of nutrients were influenced by the dietary treatments.
Both DM and OM digestibility was reduced (P < 0.05) with feeding of 21PTCS,
40PTCS, and 40NPTCS diets which also translated into reduced (P < 0.05) digestible
nutrient intake of DM and OM. These digestibility values are similar to those of Cameron
et al., (1990) and Cameron et al., (1991) who fed alkaline treated wheat straw in place of
alfalfa haylage and corn silage to lactating dairy cow in different stages of production.
Digestibility of NDF was lower in pelleted diets but only different (P < 0.05) when
feeding the 40PTCS diet. Further, NDF digestibility was not different (P > 0.05) among
the CON and 40NPTCS diets. Although digestible NDF intake was numerically higher
when feeding the 40NPTCS diet it was not different (P > 0.05) from the CON and only
greater (P < 0.05) than the 40PTCS diet. Crude protein digestibility and digestible CP
intake was not different (P > 0.05) among dietary treatments. Organic matter – NDF was
decreased (P < 0.05) at higher inclusion levels regardless of physical form and OM –
NDF – CP was reduced (P < 0.05) only in the 40NPTCS diet when compared to the
CON. Digestible OM – NDF and OM – NDF – CP intake was reduced (P < 0.05) in all
treatment diets (21PTCS, 40PTCS, and 40NPTCS) and further reduced (P < 0.05) when
comparing the 21PTCS to the 40NPTCS diet. This suggests there were differences in the
digestibility of feed components such as fructans, glucans, sugars, starches, and organic
acids in the 21PTCS, 40PTCS, and 40NPTCS diets.
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4.4.4

Ruminal Characteristics and Digestibility

Low ruminal pH, < 5.7 to 6.0, has been used to explain reduced growth of
cellulolytic bacteria (Russell and Wilson, 1996) and thus reduced NDF digestibility
(Allen, 1997; Mertens, 1997) however our results indicate no differences (P > 0.05) in
ruminal pH (Table 4.4). Furthermore, the lack of differences in ruminal pH indicate diet
fiber, regardless of source, equally maintained ruminal pH. Maintenance of ruminal pH is
a balance between ruminal acid production and neutralization (Allen, 1997). Although we
didn’t measure VFA production, total rumen VFA concentrations were reduced (P <
0.05) at higher inclusion levels when compared to the CON (Table 4.4). The reduction of
total VFA may be explained by a dilution effect. Higher NDF concentration can increase
total chewing time and consequent production of salivary buffer may decrease the
production of VFA (Allen, 1997). Concentrations of individual VFA indicate pelleting
decreased (P < 0.05) acetate but increased (P > 0.05) propionate with feeding of 21PTCS
and 40PTCS diets when compared to the CON diet. Furthermore, feeding of the
40NPTCS did not result in shifts in acetate and propionate production compared to the
CON diet. These results equated to differences in the acetate:propionate ratio that was
reduced (P < 0.05) with the 21PTCS diet and further reduced (P < 0.05) with the 40PTCS
but not different (P > 0.05) with the 40NPTCS diet. Concentrations of butyrate increased
(P < 0.05) and isobutyrate decreased (P < 0.05) with 40PTCS and 40NPTCS feeding
while valerate concentrations increased (P < 0.05) with 40PTCS feeding when compared
to the CON. Isovalerate concentrations were decreased (P < 0.05) with feeding of
21PTCS, 40PTCS, and 40NPTCS.
When compared to the CON, ruminal ammonia concentrations were not different
(P > 0.05) between 21PTCS, 40PTCS, and 40NPTCS. Ruminal ammonia concentrations
were higher (P < 0.05) when cows were fed the 21PTCS compared to cows fed the
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40NPTCS diet. Previously, lower rumen ammonia concentrations were decreased with
inclusion of treated corn stover (CHAPTER 3). Considered optimum ruminal ammonia
concentrations to support maximum synthesis of microbial protein and rate of ruminal
fermentation range from 2 to 13 mg/dL and 3 to 25 mg/dL (Boucher et al., 2007).
Although, concentrations of rumen ammonia are slightly on the lower end for optimal
ruminal fermentation in the current study the measured rumen ammonia concentrations
are within the suggested range for optimal microbial growth and rate of ruminal
fermentation.
Measured total rumen contents and amount of rumen solids was lower (P < 0.05)
in cows fed the 40PTCS and 40NPTCS diets when compared to the CON (Table 4.4).
This confirms that rumen fill was not different between 40PTCS and 40NPTCS and
therefore did not impact DMI. There was no difference (P > 0.05) among the dietary
treatments regarding the amount of rumen liquid or percentage of solids or liquid (Table
4.4). The solid passage rate was not different (P > 0.05) among the dietary treatments.
These results agree with those found previously (CHAPTER 3). There was a tendency (P
= 0.06) for increased liquid passage rate (Table 4.4). The 40NPTCS diet tended to
increase the rate of liquid passage by nearly 4%/h when compared to the CON fed diet.
Water intake increased (P < 0.05) when cows were fed the 21PTCS diet (Table 4.2).
Increased water intake has been reported to increase liquid passage rate (Fraley et al.,
2015). Although not significant, water intake was numerically increased with 40PTCS
and 40NPTCS feeding. Furthermore, liquid passage rate was numerically increased when
cows were fed the 21PTCS, 40PTCS, or 40NPTCS diets. Thus, ruminal degradation of
feed components such as starch may have been decreased with the numerical increases of
water intake and subsequent numerically faster liquid passage rate.
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We compared the in situ rumen digestibility of diet ingredients; corn silage,
treated corn stover, PTCS, and freshly mixed ingredients of PTCS (NPTCS mix) in each
of the base diets; CON, 21PTCS, 40PTCS, and 40NPTCS. Ruminal digestibility of corn
silage, treated corn stover, PTCS, and NPTCS mix were not different (P > 0.05) at 4, 8,
12, 16, 48, and 96 h post rumen incubation among the dietary treatments (Figure 4.1).
Protein digestibility was measured using soybean meal at 16 h and was not different (P >
0.05) among the dietary treatments (Figure 4.2). Additionally, the degradation rate of diet
ingredients was not different (P > 0.05) between the dietary treatments. The degradation
rate ranged from 2.0 to 6.3, 4.0 to 6.3, 3.5 to 4.9, and 2.9 to 3.9%/h for corn silage
(Figure 4.1; panel A), treated corn stover (Figure 4.1; panel B), NPTCS mix (Figure 4.1;
panel C), and PTCS (Figure 4.1; panel D), respectively. Therefore, the inclusion of
treated corn stover did not appear to impact degradation rate of the selected dietary
ingredients. Digestibility is a function of both rate of digestion and rate of passage that
are in constant competition and is often reduced with increased DMI because of
consequently increased passage rate. Although DMI was reduced and digestibility was
not different there was a tendency for an increase rate of passage with pelleted and
unpelleted treated stover. This is not likely to translate to a reduction in rumen digestion
of NDF but may affect digestibility of nonfiber soluble carbohydrates. An increase in
fluid passage may result from increased water intake as described previously (CHAPTER
3) and warrants further investigation to fully explain in relation to improvements in feed
efficiency. The greatest improvements in efficiency were discovered when cows were fed
the 40NPTCS diet. Under the 40NPTCS feeding scenario, cows also had a numerically
higher rumen pH and a tendency for increased liquid passage rate. Thus, the rumen
environment was likely more suitable for cellulolytic bacteria growth and less suitable for
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amylolytic bacteria. The decreased ruminal degradation of starch, as a result of less
amylolytic bacteria, coupled with the increased passage rate suggest more starch was
available for post-ruminal use which can increase efficiency. The shift in site of starch
digestion to the small intestine has been shown to improve feed efficiency (Harmon and
McLeod, 2001). Thus, shifting starch digestion to the small intestine is a possible
explanation of improved efficiency in the current study.
4.4.5

Diet pH, Particle Distribution, and Sorting Behavior

The pH of the diet was increased (P < 0.05) in the 21PTCS, 40PTCS, and
40NPTCS diets compared to the CON (Table 4.5). Effects of silage pH was examined
previously (Shaver et al., 1984; Shaver et al., 1985) and reported to impact intake outside
of a pH range of 5.00 – 6.00. Thus, although there were differences in diet pH in the
current study, they likely didn’t influence the reduction of DMI discussed earlier.
Particle distribution and sorting behavior of the dietary treatments are presented in
Table 4.5. The 40NPTCS diet had the greatest (P < 0.05) amount of TMR that was >19
mm in length, the least (P < 0.05) amount of TMR that was <19 mm and > 8mm in
length, and the greatest (P < 0.05) amount of TMR that was <8 mm and > 1.18 mm in
length while there were no differences (P > 0.05) between the CON, 21PTCS, and
40PTCS. Particle length of <8 mm and > 1.18 mm tended (P = 0.05) to be reduced in the
40PTCS diet when compared to the CON. Although not different, all cows sorted against
particle length >19 mm. When fed the 40PTCS diet, cows selected for (P < 0.05)
particles in length of <19 mm and >8 mm and there was no difference (P > 0.05) in
selection when comparing 21PTCS and 40NPTCS to the CON. Cows fed the CON and
40NPTCS diets selected for particle length of <8 mm, >1.18 mm and was different (P <
0.05) than cows fed the 40PTCS diet, which selected against. All cows selected for
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particles <1.18 mm in length but 40PTCS fed cows selected less than CON, 21PTCS, and
40NPTCS fed cows. Overall, higher inclusions of PTCS (40PTCS) resulted in greater
selective consumption for particles <19 m or against particles <8 mm and >1.18 mm in
length. These selective consumption patterns are opposite of cows fed the 40NPTCS and
therefore high inclusion of PTCS may cause more severe sorting that can be eliminated
when pellet ingredients are fed in a non-pellet form.
4.4.6

Excretion, Intake, and Balance of Nitrogen

Overall fecal excretion was greater with inclusion of the PTCS and when
compared to the CON, feeding the 40PTCS diet increased (P < 0.05) the amount of fecal
excretion (Table 4.6). Fecal excretion was lower with 40NPTCS feeding but not different
(P > 0.05) from the CON. Fecal NDF excretion was greater (P < 0.05) with feeding both
21PTCS and 40PTCS diets when compared to the CON. Total nitrogen intake was not
different (P > 0.05) among the dietary treatments (Table 4.6). Excretion of nitrogen in
milk, fecal output, and urine output was not different (P > 0.05) among the dietary
treatments. These results indicated nitrogen balance was not different (P > 0.05) among
the dietary treatments, but efficiency of nitrogen use (kg milk nitrogen/ kg nitrogen
intake) was improved (P < 0.05). When compared to the CON, nitrogen efficiency was
increased (P < 0.05) with feeding the 40PTCS diet although there were small, numerical
improvements with feeding the 21PTCS and 40NPTCS diets.

4.5

Conclusions

Taken together, the results from this study indicate the further processing and
manufacturing of treated corn stover may improve bulk density and transportation issues
but may alter rumen fermentation patterns that have subsequent consequences on
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production of milk fat. Inclusion of PTCS at both 21 and 40% of the diet DM to partially
replace alfalfa haylage and corn silage resulted in no differences in overall milk yield but
milk fat percent was reduced and milk fat yield was lower with higher inclusion levels of
PTCS (40PTCS). Thus, moderate inclusion levels, ~21% of the diet DM of PTCS may
not have as severe consequences on milk fat production. Inclusion of PTCS ingredients
fed in the 40NPTCS diet suggest PTCS ingredients can serve as partial replacement of
traditional forages but inclusion of PTCS or similar nonforage fiber sources should
maintain a ratio of forage NDF and diet NDF to provide adequate fiber and help limit
negative production responses.
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Table 4.1. Ingredient composition of diets containing pelleted treated corn stover
(PTCS).
2

Treatments1
21PTCS
40PTCS
27.75
19.78
21.44
40.18
12.33
8.73
16.23
16.17
8.21
2.06
0.41
2.51
2.50
2.71
2.72
4.67
4.64
1.32
0.99
0.69
0.67
0.19
0.20
0.51
0.50
0.30
0.30
0.19
0.28
0.28
0.02
0.02
0.01
0.01
0.12
0.12
0.11
0.12

Ingredients
Control
40NPTCS
Corn silage
38.61
19.81
Ca(OH)2 treated corn stover
9.62
CGF analogue
Alfalfa haylage
14.01
8.77
Corn distillers grain, dry
7.60
18.03
Wheat midds
3.97
Corn, Hominy
7.54
High moisture corn
16.90
16.20
Soybean meal
8.49
2.06
Enertia fat supplement
0.42
Double S molasses dairy
2.28
2.50
Soybean hulls
2.80
2.72
Biuret 246
0.81
1.13
Ground corn
4.25
4.66
1.53
0.79
Calcium carbonate
Sodium bicarbonate
0.63
0.67
Magnesium oxide
0.18
0.20
Monosodium phosphate
0.46
0.50
Salt
0.36
0.30
Calcium sulfate
0.18
Diamond V XPTM
0.26
0.28
Vitamin E 44,053 IU/kg
0.02
0.02
RumensinTM 90
0.01
0.01
OmniGen-AF®
0.12
0.12
PU5390 premix3
0.10
0.12
Chemical analysis4
CP
16.9±0.75
16.7
16.5
17.0
aNDF
26.7±0.90
27.4
29.3
30.1
ADF
17.7±0.58
17.2
17.3
19.3
Lignin
2.90±0.12
2.70
2.74
3.11
Ash
7.43±0.41
8.27
8.02
8.23
NEL, Mcal/kg5
1.70±0.01
1.66
1.65
1.66
NFC
46.5±1.29
45.8
44.6
42.3
Ca
1.30±0.14
1.44
1.20
1.51
a
b
b
P
0.49±0.02
0.56
0.62
0.61b
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet
ingredients fed non-pelleted at 40% of diet DM.
2
% DM unless noted otherwise.
3
Contains 5.56% CP, 65.2% ash, 4.75% Ca, 0.05% P, 0.03% Mg, 0.06% K, 0.69 % Na, 6.28% S,
452 mg/kg Co, 12461 mg/kg Cu, 451 mg/kg I, 102 mg/kg Fe, 46297 mg/kg Mg, 56403 mg/kg Zn,
5705 kIU/kg Vit A, 1801 kIU/kg Vit D, 30,734 IU/kg Vit E.
4
Means and standard deviations for 3 independent samples.
5
Calculated (Weiss, 1993).
a,b
Means within a row with different superscripts differ P < 0.05.
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Table 4.2. Effect of PTCS on dry matter intake, milk production, milk composition, and
efficiency of lactating Holstein fed a CON, 21PTCS, 40PTCS, or 40NPTCS diet.
Treatment1
P value
Item
CON
21PTCS
40PTCS 40NPTCS SEM
Trt2
a
ab
b
b
DMI, kg/d
24.2
23.0
21.7
21.3
0.98
< 0.05
a
b
ab
ab
Water intake, L/d
120.7
135.4
128.5
124.9
7.81
< 0.05
Milk, kg/d
30.8
32.0
32.1
31.3
1.82
0.57
a
ab
b
ab
Milkfat, kg/d
1.13
0.99
0.93
1.05
0.18
0.02
Protein, kg/d
1.00
1.03
1.03
1.00
0.05
0.82
Lactose, kg/d
1.48
1.52
1.56
1.52
0.1
0.54
Solids, kg/d
3.88
3.80
3.80
3.85
0.23
0.95
a
bc
b
ac
Fat, %
3.65
3.07
2.89
3.32
0.20
< 0.05
Protein, %
3.26
3.25
3.24
3.22
0.05
0.76
Lactose, %
4.79
4.75
4.84
4.85
0.05
0.11
Solids, %
12.6a
11.9bc
11.8b
12.3ac
0.25
< 0.05
SCC
63.2
327.6
222.2
114.8
115.8
0.40
a
a
ab
b
MUN
13.8
14.1
12.5
10.9
0.57
< 0.05
4%, ECM
29.2
27.6
26.8
28.3
1.79
0.26
3
Efficiency
1.21
1.19
1.22
1.32
0.05
0.09
ΔBW, kg4
14.3
10.9
3.3
11.9
7.44
0.35
5
ΔBCS
0.11
0.16
-0.05
0.02
0.07
0.15
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet
ingredients fed non-pelleted at 40% of diet DM.
2
Treatment.
3
ECM / DMI.
4
Change in BW.
5
Change in BCS.
a,b,c
Means within a row with different superscripts differ P < 0.05.

Table 4.3. Nutrient intake and apparent digestibility of cows fed a CON, 21PTCS, 40PTCS, or 40NPTCS diet.
Treatment1

P value
Item
CON
21PTCS
40-PTCS
40-NPTCS
SEM
Trt3
Intake
DM
24.2a
23.0ab
21.7b
21.3b
0.98
< 0.05
a
ab
b
b
OM
22.5
21.0
20.1
19.7
0.90
< 0.05
OM-NDF
16.1a
14.8ac
13.7bc
13.3b
0.61
< 0.05
CP
4.09
3.84
3.62
3.61
0.23
0.15
NDF
6.45
6.29
6.39
6.41
0.32
0.95
a
b
bc
c
OM-NDF-CP
12.0
10.9
10.0
9.6
0.43
< 0.05
Digestible nutrient intake
DM
16.5a
14.5b
13.1b
13.2b
0.73
< 0.05
OM
15.8a
13.6b
12.5b
12.6b
0.68
< 0.05
a
b
bc
c
OM-NDF
13.7
12.2
11.2
10.4
0.49
< 0.05
CP
3.00
2.72
2.47
2.41
0.23
0.11
NDF
2.07ab
1.44ab
1.29a
2.16b
0.26
< 0.05
OM-NDF-CP
10.22a
8.95b
8.22bc
7.59c
0.34
< 0.05
Apparent digestibility, %
DM
68.2a
63.1b
59.8b
63.5b
1.1
< 0.05
a
b
b
OM
70.0
64.6
61.5
65.4b
1.1
< 0.05
a
ab
b
b
OM-NDF
85.1
82.7
81.8
80.8
0.72
< 0.05
CP
73.3
70.0
66.1
68.4
2.2
0.10
a
ab
b
a
NDF
32.1
21.8
17.1
33.1
3.3
< 0.05
OM-NDF-CP
89.1a
87.2ab
86.8ab
85.4b
0.73
< 0.05
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet ingredients fed non-pelleted at 40% of diet DM.
2
kg/d unless noted otherwise.
3
Treatment.
a,b,c
Means within a row with different superscripts differ P < 0.05.
2
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Table 4.4. Effects of PTCS inclusion on rumen pH, rumen ammonia and VFA concentrations, rumen volume, and solid and liquid passage
rate of cows fed a CON, 21PTCS, 40PTCS, or 40NPTCS diet.
Item
Ruminal pH
Ruminal NH3-N3
Total VFA, mM
VFA, mol/100 mol
Acetate
Propionate
Butyrate
Valerate
Isobutyrate
Isovalerate
Acetate:propionate

CON
6.15
11.3ab
129.8a
60.3a
21.9a
13.0a
1.84a
1.02a
1.97a
2.88a

Treatment1
21PTCS
40PTCS
6.16
6.11
12.2b
11.1ab
122.7ab
115.8b
58.3b
24.1b
13.1ac
1.90a
0.99a
1.59b
2.48b

56.4c
25.3c
13.9bc
2.15b
0.87b
1.36c
2.30c

40NPTCS
6.24
9.4a
114.5b

SEM
0.10
0.64
5.8

Trt2
0.25
< 0.05
< 0.05

P value
Hr
< 0.05
< 0.05
< 0.05

Trt*hr
0.16
0.89
0.18

60.0a
21.7a
14.0b
1.83a
0.90b
1.62b
2.84a

0.86
1.01
0.53
0.14
0.02
0.08
0.13

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

0.58
0.74
0.93
0.98
0.05
< 0.05
0.86

Total rumen contents4
89.3a
86.3ac
76.4bc
75.8b
3.5
< 0.05
a
a
b
b
Solids, kg
46.3
44.2
38.4
37.8
1.8
< 0.05
Liquid, kg
36.1
34.4
30.2
31.9
2.1
0.10
Solids, %
52.0
51.3
50.9
50.2
1.3
0.69
Liquid, %
40.2
39.6
39.1
41.9
1.3
0.43
Passage rate
Solid, %/h
2.72
2.55
2.67
2.70
0.2
0.88
Liquid, %/h
15.1
15.5
16.5
19.3
1.4
0.06
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet ingredients fed non-pelleted at 40% of diet DM.
2
Treatment.
3
mg/dL
4
kg
a,b,c
Means within a row with different superscripts differ P < 0.05.
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Figure 4.1. Rumen digestibility of corn silage, treated corn stover, fresh mix of pellet
ingredients (NPTCS Mix), and PTCS when incubate in nylon bags in the rumen of dairy
cows fed either CON (solid white fill), 21PTCS (bold diagonal stripes), 40PTCS (solid
black fill), and 40NPTCS (thin diagonal stripes). Panel A represents the mean rumen in
situ digestibility of corn silage for each treatment up to 96 h. Panel B represents the mean
rumen in situ digestibility of treated corn stover for each treatment up to 96 h. Panel C
represents the mean rumen in situ digestibility of NPTCS mix for each treatment up to 96
h. Panel D represents the mean rumen in situ digestibility of PTCS for each treatment up
to 96 h.
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Figure 4.2. Rumen digestibility of soybean meal when incubated in nylon bags in the
rumen of dairy cows fed either CON (solid white fill), 21PTCS (bold diagonal stripes),
40PTCS (solid black fill), and 40NPTCS (thin diagonal stripes). Represented is the mean
rumen in situ digestibility of soybean meal for each treatment at 16 h rumen incubation.

Table 4.5. Diet pH, particle size distribution of CON, 21PTCS, 40PTCS, or 40NPTCS diets, effect of PTCS on sorting (%) of long,
medium, short, and fine particles at 24 h post feeding, and chemical composition of orts.
Treatment1

P value
Item, %
CON
21PTCS
40-PTCS
40-NPTCS
SEM
Trt2
TMR pH
5.08a
5.46b
5.68bc
5.97c
0.07
< 0.05
Particle distribution
>19 mm
1.49a
1.54a
1.11a
4.47b
0.55
< 0.05
ab
a
a
<19 mm, >8 mm
45.3
50.1
54.3
34.5b
2.78
< 0.05
x
xy
y
xy
<8 mm, >1.18 mm
45.1
40.9
36.5
43.7
1.91
0.05
<1.8 mm
15.4a
15.8a
16.2a
20.8b
0.62
< 0.05
Sorting behavior3
>19 mm
2.26
1.87
1.13
2.38
0.32
0.05
a
ab
b
a
<19 mm, >8 mm
1.38
1.04
0.77
1.31
0.10
< 0.05
<8 mm, >1.18 mm
0.85a
1.17ab
1.35b
0.89a
0.10
< 0.05
<1.8 mm
0.17a
0.27a
0.96b
0.39a
0.15
< 0.05
4
Chemical analysis
CP
16.4
17.0
17.8
15.4
aNDF
26.0
26.6
31.3
32.6
ADF
18.2
16.4
17.4
20.9
Ash
7.4
7.5
6.8
8.3
NEL, Mcal/kg
1.72
1.72
1.69
1.63
NFC
50.3
48.9
44.1
43.7
Ca
1.34
1.31
0.94
1.62
P
0.43
0.50
0.53
0.50
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet ingredients fed non-pelleted at 40% of diet DM.
2
Treatment.
3
Fraction of ideal. Values < 1.0 equated to selective consumption and values > 1.0 equated to selective refusal.
4
Chemical analysis of orts composited from d 14 – 21 of each period, across periods (n = 1).
a,b,c
Means within a row with different superscripts differ P < 0.05.
Means within a row with different superscripts tended to differ 0.05 ≤ P ≤ 0.10.

x,y
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Table 4.6. Effect of pelleted treated corn stover inclusion on nitrogen intake, fecal and
urine output and nitrogen excretion, and nitrogen balance of cows fed a CON, 21PTCS,
40PTCS, or 40NPTCS diet.
2

Treatment1
21PTCS
40PTCS

40NPTCS

SEM

P value
Trt3

Item
CON
Total N4
0.65
0.61
0.58
0.58
0.04
0.15
intake
Fecal output
7.70ac
8.41ab
8.56b
7.53c
0.32
< 0.05
ab
ab
a
b
Fecal Ash, %
12.1
12.2
11.57
12.46
0.21
< 0.05
OM fecal
6.77ac
7.38a
7.57b
6.59c
0.29
< 0.05
output
Fecal DM, %
15.2a
15.8ab
16.5b
16.3b
0.33
< 0.05
Fecal N
0.17
0.18
0.18
0.18
0.01
0.54
Fecal N, %
2.25
2.16
2.15
2.33
0.06
0.07
Fecal NDF
4.38a
4.84b
5.10b
4.10a
0.16
< 0.05
Fecal NDF, %
56.9ac
57.8ab
59.8b
54.6c
0.87
< 0.05
Urine output
24.3
23.5
22.7
23.9
2.29
0.86
Urine N
0.21
0.22
0.22
0.18
0.01
0.09
Total Milk N
0.16
0.17
0.17
0.16
0.01
0.79
N balance
0.11
0.05
0.04
0.04
0.03
0.08
5
a
ab
b
ab
N efficiency
0.25
0.27
0.29
0.28
0.01
< 0.05
1
CON = 0% PTCS, 21PTCS = 21% PTCS, 40PTCS = 40% PTCS, and 40NPTCS = pellet
ingredients fed non-pelleted at 40% of diet DM.
2
kg/d unless noted otherwise.
3
Treatment.
4
Nitrogen.
5
kg milk N/kg N intake.
a,b,c
Means within a row with different superscripts differ P < 0.05.
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CHAPTER 5.

CONCLUSIONS AND IMPLICATIONS

Today’s abundance of corn stover is multifaceted through genetic advancements
for corn grain production, shift in land use from forage production towards grain
production, and improvements for corn stover harvesting and processing. Collectively, a
substantial supply of corn stover is available that we are still learning how to tap into and
fully utilize this abundant energy resource. While corn grain use in ruminant livestock
production systems may compete with the human food supply, use of corn stover is
shielded from pressuring the human food supply as the ruminant animal occupies a
unique niche in which fiber digesting bacteria in the rumen have the potential to capture
energy from cellulose and other plant fibers. Both corn grain and corn stover are also key
resources used for the production of biofuels. Consequently, the demands for feedstuffs
are high to support both livestock and biofuels production systems. These demands are
heightened with the simultaneously anticipated population growth of 9.7 billion people
by 2050. As the human population continues to rise, demands of animal sourced foods
are expected to follow. In order to meet consumer demands of animal sourced foods
while meeting government mandates for cellulosic ethanol production there is great need
to innovate feeding strategies for livestock production.
Although the supply of corn stover is great, the harvestable amount of corn stover
varies between regions. Corn stover plays an important role in contributing to overall soil
health supplying soil organic carbon and prevention of soil erosion in efforts to supply a
soil environment suitable for the following years’ production. The variation in amount of
corn stover that is considered harvestable depends on multiple factors including corn
grain yield, soil management, erosion risks of soil, environmental conditions, and a
number of other agronomic factors. However, quantities of corn stover have increased
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proportionally to corn grain production. In many instances corn stover residues over
exceed the carrying capacity of the soil. Nearly half of the corn stover supply can be
harvested without impacting future crop yield. The potential of corn stover in a model to
supply a fermentable feedstuff for ruminant livestock is great in the grand scheme of
helping meet the demands of our growing world population.
Corn stover contains nearly the same energy as corn grain but the energy has
limited accessibility and therefore limited potential in ruminant livestock production
systems unless the digestible fibers of corn stover are made available to fiber digesting
bacteria residing in the rumen. These same limitations face the lignocellulosic ethanol
industry and there is significant overlap in the processes to overcome these limitations
among lignocellulosic ethanol and ruminant livestock production. Each have the goal of
improving the fermentable energy of the corn stover through increased accessibility of
fermentable fibers. Applied pretreatment strategies have been successful in overcoming
these limitations. Inclusion of treated crop residues has often been compared to the
untreated counterpart in many experiments. These foundational research experiments
have provided us with the knowledge of the benefits of pretreatment, as digestibility is
improved. Research including treated corn stover as a potential feedstuff for lactating
dairy cows is limited as much of the conducted research has evaluated treated corn stover
or other crop residues as a feedstuff for beef cattle. Understanding how and which
pretreatment strategies can be applied to the ample supply of corn stover to permit
inclusion of treated corn stover into lactating dairy cow diets is necessary if we are to
more efficiently use available land resources to produce animal sourced foods for the
growing world population. The objectives of this dissertation were to evaluate: 1)
calcium hydroxide treatment of corn stover; 2) replacement of alfalfa haylage and further
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replacement of corn silage with treated corn stover on intake, lactation performance, and
feed efficiency; 3) maximal replacement of alfalfa haylage or corn silage with treated
corn stover to assess the origins of increased feed efficiency through feed intake, totaltract digestibility, rumen fermentation parameters, rumen digestibility, and milk
production; and 4) the effects of feeding treated corn stover in pelleted form on dry
matter intake, milk production, milk composition, total-tract digestibility, rumen
fermentation parameters, and rumen digestibility.
Corn stover was chopped, hydrated, and treated with 6.6% Ca(OH)2 DM and was
included in a TMR fed to Holstein cows in mid-lactation. The treated corn stover
replaced traditional forage sources; either alfalfa haylage or alfalfa haylage and an
additional portion of the corn silage. These substitutions resulted in up to 30% of the diet
DM being replaced with treated corn stover. Inclusion of treated corn stover resulted in
reduced DMI when replacing alfalfa haylage and part of the corn silage at 30% of the diet
DM. Milk production and milk composition were not altered by the inclusion of treated
corn. Furthermore, ECM was not different between treatment groups. Calcium hydroxide
pretreatment improved the feeding value of treated corn stover to permit inclusion in
diets for lactating cows that also indicate numerical improvements in feed efficiency
measured as ECM per unit of DMI (kg/kg). Full explanations of this improved efficiency
are limited under the study design. However, we concluded in the first experiment that
inclusion of treated corn stover may be influencing rumen pH and therefore the rumen
microbial communities or potentially, an effect of the distillers grains, that could be
contributing towards greater cellulase activity.
To better assess the origins of improved feed efficiency as a result of calcium
hydroxide treated corn stover inclusion we examined the maximal substitution of either
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alfalfa haylage of corn silage. We hypothesized that inclusion of treated corn stover
would improve diet digestibility. The Ca(OH)2 treated corn stover replaced alfalfa
haylage at 15% of the diet DM or corn silage at 19% of the diet DM. We saw a similar
response in which DMI intake was reduced in both feeding scenarios but did not result in
reduced milk production performance. Cows fed treated corn stover were able to
maintain 4% ECM and therefore feed efficiency was improved. We deduce that this
response of improved efficiency is in part due to enhanced diet and potentially improved
digestibility of other diet ingredients. There were few to little differences in ruminal
fermentation parameters and digestibility. We anticipate that the improvements in feed
efficiency under these study conditions are a result of post-ruminal nutrient digestion and
utilization.
The improvements in feed efficiency with the inclusion of treated corn stover to
replace a portion of the traditional forages appears to be a consistent result. Widespread
incorporation of corn stover in lactating dairy cow diets may be limited because of the
low bulk density. To overcome these limitations, we evaluated feeding treated corn stover
in a fortified pellet form. We replaced a portion of the alfalfa haylage and corn silage
with PTCS at 21 or 40% of the diet DM or fed the PTCS ingredients in non-pellet form at
40% of the diet DM. Regardless of physical form, DMI intake was reduced when a
greater amount of the diet was replaced (40%). Similar to previous findings milk
production and 4% ECM were not different between the dietary treatments. However,
inclusion of PTCS resulted in reduced milk fat percent and milk fat yield if higher (40%)
inclusion levels were fed that was ameliorated when the PTCS ingredients were fed in a
non-pellet form. Feed efficiency tended to be increased only when PTCS were fed in the
non-pellet form. The shift in rumen VFA concentrations may suggest that inclusion of
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treated corn stover in a pellet form may impact ruminal fermentation although ruminal
digestion parameters appeared to not be different. These results suggest that although
pelleting increases the distribution of treated corn stover through improved bulk density,
there may be consequences on lactation performance. Subsequently, the improvements in
feed efficiency are compromised with the reduced milk fat production during PTCS
feeding.
Taken together, these data indicate that calcium hydroxide treated corn stover can
provide a valuable feed resource for lactating dairy cows. Furthermore, the inclusion of
treated corn stover provides a promising approach to improving the feed efficiency of
dairy cows in mid-lactation. This new research adds to our rich knowledge of the benefits
of alkaline pretreatment of low quality crop residues. Furthermore, this information
provides new insight on improved on-farm treatment and processing of corn stover and
potential benefits to be realized with the inclusion of treated corn stover into diets for
lactating dairy cows that may also improve IOFC.
Data in this dissertation provides information on inclusion levels; 9, 15, 19, or
30% of the diet DM as well as different forages that could be fully or partially replaced;
alfalfa haylage or corn silage with calcium hydroxide treated corn stover. Additional
work is necessary to continue investigating the potential to improve limitations around
the bulk density of corn study to promote widespread use. The data in this dissertation
also provides timely information for researchers and nutritionists as we are faced with a
growing world population and need to provide animal sourced foods while utilizing
available land resources more efficiently.
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